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The thermal conductivity in the superconducting state has been 
measured from 0,03K to 4K for four single-crystal niobium rods with residual 
resistivity ratios (R(300K)/R(4.2K» of 26, 135, 196, and 1800, respectively, 
The dependence of the thermal conductivity on strain and surface condition 
was studied, and it was determined that the transport of thermal energy below 
2K is due principally to phonons. The presence of an extra phonon scattering 
mechanism near 2K was demonstrated, and was linked to the presence of dis-
locations in the crystal, 
The thermal conductivity near lK was examined for evidence of ther-
mal transport or phonon scattering by electrons associated with a second energy 
gap. It was found that the number of the ,vosecond gap e1ectrons OD in niobium 
is much smaller than has been reported previously, or that these electrons do 
not take part in the transport of heat in the superconducting state in niobium. 
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. SECTION I g INTRODUCTION 
Superconductivity in the transition metals is a particularly inter-
esting phenomenon because of the possibility of new or altered properties 
resulting from overlapping energy bands. The existence of two different 
kinds of electrons (Bls-likeD! and .ud-likeJl) at the Fermi surface raises the 
possibility of two aUsepalIateii energy gaps occurring when a transi tion metal 
becomes superconducting. Several theories have been proposed which would 
allow for the existence of two gaps in superconducting transition metals, but 
until recently there was no direct experimental evidence for the existence of 
the second gap. 
Analysis of data on specific heat, upper critical field, penetra-
tion depth, ultrasonic attenuation, and tunneling have been carried out for 
niobium using a two-gap model. For the most part, the data can be fitted 
quite well with a two-gap model, even though the values used for the densities 
of states identified with the two bands differ from those predicted by detailed 
energy band calculations. Measurements of the thermal conductivity of super-
conducting niobium, while not conclusive, did apparently yield densities of 
states which agreed with the theoretical predictions. 
The purpose of this investigation was to re-examine the evidence 
in the thermal conductivity of superconducting niobium which might suggest 
the existence of a second energy gap in niobium. It was assumed that, if a 
second energy gap did indeed exist, the electrons associated with it would 
contribute either to some additional thermal transport or to some additional 
phonon scattering at low temperatures. 
This report is organized into five sections. Section II consists 
of the discussion of the theory necessary for the calculation of the 
2 
hypothetical contributions of the second gap electrons described above, The 
bases of the two-gap theories. are presented, along with a summary of previous 
experimental work and a possible alternative explanation of the behavior 
observed, The samples which were measured in this investigation are described 
in Section III, A summary of the experimental technique used in the measure-
ments is also given, In Section IV the results and subsequent calculations 
are presented, . The conclusions which were reached at the end of the investi-
gation are discussed in Section V, and the thermal conductivity versus 
temperature data are tabulated in Appendix II, 
It will be shown that the number of electrons which are associated 
with the second gap in niobium is much smaller than has been reported pre-
viously, or that these electrons simply do not take part in the transport of 
heat in the superconducting state, The presence of an additional phonon 
scattering mechanism will be demonstrated, and it will be linked to the 
presence of dislocations in the crystal, 
3 
SECTION II: THEORY 
A, Single-Gap Superconductors 
The first truly successful microscopic theory of superconductivity 
was proposed in 1956 by Bardeen, Cooper, and Schrieffer (Bcs).ll It is based 
on the idea that there is a net attractive interaction between the conduction 
electrons in a metal. Below a certain temperature, this interaction causes 
the formation of a gap in the spectrum of energy states available to the con-
duction electrons. (This temperature is called the transition temperature and 
is different for each metal.) The magnitude of the gap is called 26(T) by BCS, 
and varies in temperature as shown by curve uau in Fig. 1.11 The value of the 
gap at the absolute zero of temperature is also predicted by BCS, and is 
related to the transition temperature (in the simplest approximation) as 
26(0) = (3.52)kT (1) 
c 
where T is the transition temperature and k is the Boltzmann c,onstant. The 
c 
phenomenon known as superconductivity occurs below the transition temperature 
because the energy gap makes it energetically preferable for the conduction 
electrons to condense into a single ground state, separated from the rest of 
the available states by the energy gap. 
In the terminology of the two, ... f1uid m.ode1, the above means that 
below the transition temperature the electrons are able to condense into a 
superconducting ground state which is separated from the rest of the energy 
states available to the conduction electrons by a finite energy gap, There-
fore, it takes a finite amount of energy to scatter an electron put of the 
ground state, and so only those electrons which are thermally excited out 
of the ground state are able to take part in thermal phenomena, In other 
4 
Figure 1. Behavior of the energy gap in a two-band 
superconductor (after SMW), Curve uau 
represents the BCS behavior of the d-gap, 
while curves ubi, DC', and ud u represent the 
behavior of the s-gap for several cases of 
interband interaction: 
b: Moderate interband coupling 
c:Weak interband coupling 
d: No interband coupling. 
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words, the electrons divide themselves into two groups: a iisuperconductingUU 
group and a flVnormapu group, and only theUunormaPI electrons contribute to 
the thermal properties of the metal, 
B, Two-Gap Superconductors 
Transition metals are characterized by the overlap of energy bands 
at the Fermi surface, This situation must be treated more carefully than 
that of a single band metal discussed by BCS, Several theories explaining 
the details of superconductivity in the transition metals have been pro-
3-1/ posed,--- the most important difference between them being in the choice 
of the interaction which causes the formation of the energy gap, Some 
theories allow for the interaction to be repulsive,2.J.·§/ The most widely 
accepted model is that of Suhl, Matthias and Walker (SMW).l/ They take all 
interactions to be attractive, and allow scattering between the bands, By 
writing down a Hamiltonian which is analogous to the BCS Hamiltonian but 
which allows for interactions between the bands, SMW obtain results which 
are also analogous to the BCS results, both in the form of the transition 
temperature equation and in the energy gap equations,'In fact~ for the case 
where the bands have equal densiti.es of states and where interband scatter-
ing dominates, the SMW result for the transition temperature equation reduces 
to the Bes result. 
Note that the most general result of the SMW model calls for the 
existence of several energy gaps: one associated with each of the energy 
bands, For the case of two overlapping bands, there are two energy gaps, In 
general, the gaps behave in an approximately BCS-like way, differing only in 
transition temperature and in magnitude at T = 0, The exact temperature 
dependence of the gaps depends on the amount of interaction between the bands. 
Several possibilities are shown in Fig. 1. 
'7 
For no interband coupling there 
I 
are two distinct BeS-like gaps with two distinct transition temperatures as 
shown by curves °ao and ada. For weak interband coupling, the lower band 
becomes more like curve uco, and only one transition temperature is seen. 
For moderate interband coupling, the lower band becomes proportional to the 
upper band, as shown in curve ub u• (Tunneling measurements on single crystals 
of niobium suggest that this is the correct form for niobium.~/) For very 
strong coupling between the bands only the upper, or udo, gap will exist. 
Tang21 has suggested that the effect of nonmagnetic impurities on the energy 
gaps would be to cause them to move closer together; the lower band increasing 
in transition temperature and in magnitude at T = 0, and the upper band 
decreasing. However, this effect has not been observed in the tunneling 
measurements,~1 which indicate that for crystals with residual resistivity 
ratio (RRR) greater than ZOO the ratio of the gaps at T = 0 is a constant. 
For the balance of this report, it will be assumed that there are 
two overlapping bands at the Fermi surface in niobium; one associated with 
flUs-like Hu electrons and one associated with iBd-like U! electrons, even though 
theoretical energy band calculations lOI suggest a more complicated structure 
of the Fermi surface. This assumption, although tenuous at best, serves to 
simplify the problem to one which is more easily treated in the case of the 
thermal conductivity, and which seems to conform to the tacit assumptions 
found in the literature. It will also be assumed that the smaller, or lower, 
gap is associated with the!Hs-like iu electrons, and that the larger, or upper, 
gap is associated with the .~Dd-like" electrons, as indicated by the specific 
heat measurements.II,1ZI 
The parameters which are of interest, then, are the energy gaps at 
. T = 0, 6
s
(0) and 6d (0), the densities of states at the Fermi surface for the 
8 
two bands, N (0) and Nd (0), the transition temperatures associated with the 
s 
two energy gaps, s d T and T , and the amount of interaction between the bands, 
c c 
With these parameters it is possible to compare the different experiments 
which are used as probes into the behavior of super conducting transition 
metals, For the sake of reference, the values most often quoted in the 
literatures (pertinent references will be given later in this section) are~ 
Ns (0) /Nd (0) = L5X10- 2 
TS = Td 
c c 
6
s 
(T) /6d (T) = 10-
1 
, all To 
C, ThermalConductivity-Introduction 
The thermal conductivity of a material is defined to be the ratio 
. 
of the heat flux (Q) through the material to the temperature difference (8T) 
across it, times a geometrical factor of the length divided by the cross-
sectional area L (i) , 
(2) 
Simple kinetic theory allows the calculation of the thermal conductivity in 
terms of the specific heat of the heat carriers, C, their velocity, v, and 
their mean free path, ~,ll/ 
1 
)1 = ~v~ , (3) 
(Details of the derivation give different values for the constant coefficient, 
but the value usually used for an isotropic material is t,) The mean free 
path depends, of course, on the scattering process involved, 
9 
In a metal, thermal energy is transported in two ways: by lattice 
vibrations (i.e., by phonons) and by the transport of the free electrons in 
14/ the metal,-- The total conductivity is then the sum of the electron and 
h d · " 15/ p onon con uctLvLtLes-- : 
x = xl + x h ' tot e ectron p onon (4) 
If the processes which scatter the carriers are assumed to be inde-
pendent, the effective mean free path for one type of carrier will be the 
parallel combination of the mean free paths for each individual scattering 
15/ process-- ; i.e" 
_1 __ ~~ (5) 
teff - L Ot 
Ot 
where the sum is over the scattering processes. This statement is equivalent 
to the statement that the total thermal resistivity (equal to the reciprocal 
of the thermal conductivity) for each type of carrier is the sum of the resis-
tivities due to each scattering process taken separately, Equation (5) is 
known as MattheissenDs Rule,~/ and is dependent on the statement that the 
scattering processes are independent of each other, If they are not inde-
pendent, Eq, (5) does not hold. 
At low temperatures, the principal scatterers which limit the elec-
15/ tronic conductivity are impurities and phonons,-- (In the transition metals, 
the possibility of electron-electron scattering increases because of interband 
scattering, so that the electron-electron scattering contribution to the 
effective electronic mean free path is sometimes observed at low tempera-
17/ tures ,-. ). Assigning an appropriate temperature dependence to each type of 
scattering process allows the prediction that the electronic contribution to 
the thermal conductivity of a metal will have the form: 
10 
(6) 
2 -1 
where the T term is related to electron-phonon scattering and the T term 
is related to electron-impurity scattering, 
Phonons in a metal are scattered by the same processes that scatter 
electrons, but because of the large number of electrons present in a normal 
metal, the electron scattering term tends to dominate the phonon conductivity 
except at very low temperatures where boundary scattering may become impor-
tanto Thus il/ , 
-2 -3 -1 
X h == X == (GT + DT ) P onon g (7) 
where the T- 2 term is related to scattering by electrons and the T- 3 term 
is related to scattering by crystal boundaries, (In practice, phonons are 
also scattered by dislocations and other lattice imperfections, This type 
of scattering will be discussed more fully below,) 
Therefore, the total thermal conductivity in a normal metal is 
given by 
= X + X 
electron phonon 
= 
2 
1: + L (G» B) B G (8) 
assuming that electrons are scattered principally by impurities, &ld fuatphaxnls 
are scattered principally by electrons, 
D, Thermal Conductivity of Single-Gap Superconductors 
In a superconductor the above situation is changed somewhat, As 
T/T decreases, the number of normal electrons (the only electrons that are 
c 
. T 4 18/ 
able to contribute to the thermal conductivity) decreases rapLdly (~(r=) ),--
c 
Since most of the thermal energy in a metal is carried by the free electrons, 
11 
it is expected that the thermal conductivity will drop when the metal becomes 
superconducting, 
Bardeen, Rickayzen, and Tewordt (BRT)1.2l have applied the. BCS theory 
to the case of a single-gap superconductor for which the electronic thermal 
conductivity is impurity-scattering limited at the transition temperature, 
By writing the appropriate Hamiltonian and using it to solve the Boltzmann 
equation in the relaxation time approximation, they find that the thermal con-
, 
ductivity due to electrons for superconductor can be written as 
j.t, = 
es 
co 
2N(0) 2 S Ee: of (-1)-1 
3T v dE oE T 
o 6. s 
(9) 
where NCO) is the density of electron energy states at the Fermi level, v 
o 
is the Fermi velocity, f is the Fermi-Dirac distribution function, 26.(T) is 
the BCS energy gap, E = (e:2 + 6.2 (T»* is the energy of a normal electron 
above the Fermi 1eve.1, and T is the mean free time due to impurity 
s 
scattering: 
T 
s 
E 
= =T 
e: n 
(10) 
The normal state conductivity is obtained by setting the gap equal to zero 
(6. = 0), so that the ratio of the superconducting and normal state conduc-
tivities is given by 
= 
J dE E2 of j.t, , oE 
~ 6. (11) = j.t, co 
en J dE E2 of oE 
0 
This ratio is shown as a function of the reduced temperature TIT as curve 
c 
DaD in Fig, 2. Measurements of the thermal conductivity of superconducting 
aluminum are found to agree very well with this resu1t,20/ 
12 
Figure 20 ~ /~ versus reduced temperature as pre-
es en 
dieted by the theories of BRT and KM. 
Curve a~ BRT =KM with a = 000 
Curve b~ KM with a = 1.0 
Curve c~ KM with a = 10.0 
Insert ~ Reduction of ~ / ~ from the value 
es en 
predicted by BRT according to the 
calculation ofVSo 
-- ----------------
13 
i'. 
1.0 /"/ /1 
BRT,III 
0.9 II //VS 
0.8 
II 
/1 
/ 
0.6 
Kes 
Ken 0.5 
0.4 
0.3 
0.2 
0.1 
0·ct).0 0.2 0.4 0.6 0.8 1.0 
TITe 
14 
·Kadanoff and Martin (KM)ll/ have treat.ed the case where scat.t.ering 
of conduction electrons by phonons is important at the t.ransition t.emperature, 
They obtain a result for the ratio X Ix which is the same as Eq, (11) but 
es en 
wit.h t.he mean free time 'Ts replaced by a term incorporating t.he mean free 
t.ime due to phonon scattering of electrons: 
1 
'T 
s 
1 1 ~~+~~ 
'T 'T 
s eg 
(12) 
where 'I" 
eg 
-3 
'" T , Their result is best presented by assuming t.hat. the ratio 
of phonon scat.t.ering to impurity scattering at t.he transition temperature is 
given by t.he parameter a: 
a = 
(13) 
= B/A 
where A and B are the constant.s in Eq, Thus~ KM obtain (S 
(l4) 
This ratio is shown as a funct.ion of the reduced t.emperature T/T in Figure 
c 
phonon scattering of electrons at t.he transition temperat.ure (a "" 0,0); curve 
Ub U corresponds to equal phonon and impurity scattering of electrons at the 
transition t.emperat.ure (a = 1,0); and curve ucu corresponds to ten times as 
much phonon scattering of electrons as impurity scattering of electrons at 
the transition temperature (a = 10,0), as might be the case for a very pure 
superconductor, 
E, Thermal Conductivity of Two-G~p Superconductors 
In a transition metal, the above treatment must be modified to 
15 
allow for interband scattering and the exi.stence of two energy gaps, Vasudevan 
22/ 
and Sung (VS)~ have used the SM\lJ two-gap model to calculate the effect of 
the additional interband scattering term on the thermal conductivity of a 
two-gap superconductor, They find that the thermal conductivity is decreased 
due to the extra scattering term as shown in the insert of Fig, 2, VS do not, 
however, actually calculate the total thermal conductivity including contri-
butions from both s-like and d-like electrons, since they assume that because 
of the differe.nce in the densities of states and effective masses between 
the s-like and d-like electrons, only the s-like electrons will contribute 
to the thermal conductivity, (They assume that k; ~ k~ so that ~s/~d ~ 
Nd(O)/Ns(O), and they take Nd/Ns to be much, much greater than unity,) For 
the case of niobium, however, band calculationsll/ suggest that this will not 
be the case, .In fact, the ratio of effective masses which is calculatedlO / 
i~ i~ 
for pure niobium (md/ms rv 0,3) shows that the designation of the two types 
of electrons as 3D s -like BB and iijd-like Do is not a very good oneo From this 
argument it is seen that it is necessary to include contributions from the 
electrons of both bands in any c::alc.ulation of the theoretical thermal 
conductivity, 
The exact form of the thermal conductivity for the case of two 
types of electrons depends on the details of the temperature dependences of 
-1 
the two energy gaps, However, if it is assumed that 6
s 
(0) /.6d (0) ~ 10 as 
o 'd' d b 'f' h 11,12/ d I' 8/ t' b' ~s ~n ~cate y spec1 ~c eat .. an tunne :tng==' measuremen s on mo l.um, 
it is possible to calculate the form of the contribution of the lower gap 
electrons assuming any of the temperature dependences of 6 (T) shown in 
s 
Fig, 1, In particular, the calculation may be performed for the two extreme 
cases corresponding to curves ubo and odD in,Fig, 10 These are~ 
16 
b: 
d: 
·1f it is also assumed that in both cases the gaps behave in a BCS-like way, 
i,e" that the temperature dependence of 6(T)/6(0) is that derived by BCS, 
then the functions ~ I~ for the two cases, calculated from the BRT theory, 
es en 
are as shown in Fig, 3, The exact shapes of the curves depends on the amount 
of interband and phonon scattering that is present, but it is seen that there 
is at most a 20% difference in the ratio x, Ix, due to possible ·differences 
es en 
in the temperature dependence of the lower energy gap. From this it is seen 
that it is not necessary to worry about the exact form of the energy gap 
for the s-like electrons, It may be noted, however, that tunneling experi-
ments~1 seem to indicate that curve ubuof Fig, 1, and therefore curve ~bu of 
Fig, 3, has the correct shape for niobium, regardless of the purity of the 
crystal measured. 
A Boltzmann equation calculation shows that the thermal conduc-
tivity of a superconductor is proportional to the density of states at the 
Fermi surface, N(O), and to the Fermi velocity, v. The two kinds of elec-
o 
trons will therefore contribute to the total thermal conductivity in propor-
tion8 determined by their respective densities of states and Fermi velocities. 
so that 
X,,,,N(O),v 
o 
~ N (O)vs 
___ 8_ = ____ ~s ____ ~o ____ ~ 
~ . s d 
tot N (O)v + Nd(O)v 
s 0 0 
= 
1 + 
1 
[ 
Nd (O)V~] 
N (O)vs 
s 0 
(15) 
(16) 
(17) 
17 
Figure 3~ )It /)It versus reduced temperature for the 
es en 
s-like electrons according to the theory of 
BRT, for two choices of 8 (T). 
s 
Curve b~ TS = Td; ~ (0) = 10-18d (0) c c s 
Curve d~ TS = 10-lTd . ~ (0) = 10- 18 (0) 
c c' s d 
I ' 
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18 
b 
.2 .4 .6.8 1.0 
T/T~ 
19 
x 
___ s_ = _______ 1______ __ 
Xtot 1 [Nd (O)m: ]2 
+ ~'( 
Ns(O)md 
(18) 
So it should be possible to set a limit on the ratio Ns/Nd by setting a limit 
on the ratio Xs/Xtot ' It is also necessary, however, to know either the 
s d * * ratio v /v or the ratio m /md • Values for these ratios exist, both measured o 0 s 
and theoretically calculated, but they disagree badly. If only the measured 
values are used (calculated from upper critical field data23 /) it is seen that 
* * s d ms/md seems to depend on the crystal purity, while volvo seems to be roughly 
a constant over the range of purity used in this investigation (residual resis-
tivity ratio ~ R(300K)/R(4.2lZ) ;:RRR·~ 20-2000). For use in calculations, 
vs/vd may be taken to be in the range 1-20. ·If it is also assumed that 
o 0 
-3 Ns(O)/Nd(O) ~ 10 ,the electronic contribution to the thermal conductivity of 
a two-gap superconductor will have the form shown in Fig, 4. 
F. Thermal Conductivity of Phonons in a Superconductor 
On the basis of the two-fluid model, it is e~pected that as the 
number of normal electrons (the only electrons in a superconductor which can 
scatter phonons) decreases, we should see a corresponding increase in the 
thermal conductivity of the lattice. The processes which will scatter phonons 
are then just those which are present in an insulating material: dislocations, 
defects, and the sample boundaries. 
The temperature dependence of the phonon thermal conductivity in 
a superconductor has been calculated by several authors on the basis of 
several different models. 19 ,24,25/ No overall agreement is seen between 
20 
Figure 4: Qualitative hypothetical electronic thermal 
conductivity for a two-gap superconduc~~r. 
The case shown is for Ns(O)/Nd(O) = 10 ,and 
s d s d ~ 
v Iv = 10. If v Iv = 1, then the contri-
o 0 0 0 
bution of the s electrons will move down one 
decade. See Eq. (17). 
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these different results, but the "average" result is that below T/T ~ 0,5, 
c 
the ratio of the phonon thermal conductivity in the superconducting and 
-5 24/ 
normal states (R = K / K ) varies roughly as T ,-g gs gn 
If it is assumed that the dominant scatterers of phonons are elec-
trons at high T, and boundaries at low T, then the phonon contribution to 
the thermal conductivity of a superconductor has the form shown in Figure 5. 
(In practice, the phonons are also scattered by lattice imperfections such 
as point defects and dislocations. Therefore, the curve which is actually 
observed depends on the purity and history of the sample, The dependence of 
. 26-29/ the phonon thermal conductivity on strain has been studied prevLously,~~~ 
The effects of surface condition on the thermal conductivity are discussed 
in Section IV.) 
It should be possible, therefore, to compare the amount of phonon 
scattering due to a IUknown lv number of upper gap electrons to that due to an 
unknown number of lower gap electrons and so determine the relative number 
of s~like and d-like electrons. That is, the height of the peak in Figure 
5 is also dependent on the number of lower gap electrons, since the peak 
occurs at a temperature at which it is expected that most of the lower gap 
electrons are in the normal state. Thus, the height of this peak will give 
an upper limit on the number of second gap electrons which can be present 
to scatter phonons. This assumes, of course, that there is nothing about 
the lower gap electrons which would keep them from scattering phonons as 
effectively as the upper gap electrons. 
A calculation of this type will provide a second check on the 
23 
Figure 5: Phonon contribution to the thermal 
conductivity of a superconductor as a 
function of temperature, The broken line is 
the boundary-scattering limited contribution to 
the phonon thermal conductivity, The drop in the 
thermal conductivity above l,6K is due to scatter~ 
ing of phonons by electrons. 
24 
5 
2 
-
-
5 
2 
0.4 0.6 1.0 2.0 3.0 5.0 
'T (K) 
25 
G,Evidence for a Second ,Energy Gap in Niobium 
The first indication that there might be two energy gaps in niobium 
was in the specific heat measurements of Shen, Senozan, and Phillips ,11/ They 
observed an anomaly at low temperatures in the derived electronic contribution 
to the specific heat which they ascribed to a second energy gap about one-
tenth the size of the dominant gap. Careful analysis of the data gave the 
values for the gaps and densities of states: 6
s
(0)/6d (0) = 8.1 X 10~2, and 
Ns(O)/Nd(O) = 1.5 X 10- 2 .11/ Subsequent theoretical treatmenmof the specific 
heat of a two-band superconductor30 ,3l/ have indicated that the treatment of 
Sung andShenll/ was perhaps too simplified, but no disagreement with the 
values of the parameters obtained by them has been acknowledged. 
Calculations of the theoretical form for the critical field of 
niobium based on the two-gap model of SMW have been made by Radhakrishnan.1l1 
Using the values quoted above for the magnitude of the second gap and the 
ratio of the densities of states found by Sung' and Shen, Radhakrishnan obtains 
values for the critical field, H (0), and the slope of the critical field, 
dH c 
c (dT ) T ,which are, respectively, 1.5% and 15%, below the experimentally 
c 
observed values. 33 / 
. Wong and Sungli/ and sung35 / obtain reasonably good fits of data 
to theory in their treatments of the upper critical field, H
c2 ' in n.iobium. 
They find, however, that with one exception, lithe one~band (Le., d band) 
model is sufficient to explain most experimental evidence with the exception 
of the specific heat data. tu34 / The exception to this statement is the 
theoretically obtained ratio of Kl(O)/Kl(T
c
)' where Kl(T) is the first Landau~ 
Ginsburg parameter. 36 / Using the two-gap model, Wong and Sung obtain an 
expression which agrees with the experimentally observed ratio. 
26 
Experimental results for the penetration depth in superconducting 
, b,37/ b l' d' f d 1 R dh k . h 38/ nl.O 1.um- cannot e exp a1.ne 1.n terms 0 a one-gap mo e. a a r1.S nan-
explains them reasonably well, however, using a two-band model and the para-
11/ 
meters determined from the specific heat measurements of She~~ al.-- In 
addition, Radhakrishnan is able to estimate values for the effective masses 
of the s-like and d-like electrons in terms of the free electron mass. He 
* * finds ms = 1.9m, and md = 70m. (This is apparently the source of the values 
quoted without referency by Tang. 23 /) In a later publication39/ Tang has 
extended the theory of Radhakrishnan to the case of pure niobium. 
Tan~/ has applied the two-gap theory of SMW to the calculation 
of ultrasonic attenuation inhiobium. He is able to explain the observed 
purity dependence seen by Forgan and Gough,40/ Tsuda andSuzuki,4l/ and 
th 42,43/ o ers. . The theoretical fit to the data is not perfect, but it is much 
better than is possible with a one-gap theory. 
The surface impedance of a clean two-band superconductor near the 
upper critical field is examined theoretically by Tang,44/ and he is able to 
explain the observed purity dependence which is observed experimentall~/ 
on the basis of the two-gap model. More impressive is the two-gap explana-
tion of the anisotropy in the surface impedance which cannot be explained by 
46/ the one-gap theory.--
Tunneling measurementsirtto:niobium have be en made by Hafstrom, 
t 1 8 , 47 , 48/ h' h ' d . t h h' d ., b' ~ ~., W 1.C 1.n 1.ca e t at t ere 1.S a secon energy gap 1.n nl.O 1.um 
crystals with RRR greater than .200. They find that the magnitude of the 
second gap.is temperature independent up to T ~ 4.2K, indicating that there 
is no distinct second transition temperature associated with the second gap. 
The magnitude of the second gap is seen to agree with the specific heat 
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. b· 11 ,121 measurements on n10 1um.~~~· In addition, Hafstrom, etcal., observe an an~ 
isotropy in the upper gap which is similar to that observed in the upper 
critical field. 491 These measurements seem to support the statements made 
earlier by Radhakrishnan regarding some previous tunneling data. 501 
Preliminary measurements of the thermal conductivity of niobium made 
by Carlson and Satterthwaiteill apparently demonstrated the existence of the 
second transition temperature, although the value obtained for the magnitude 
f h 1 A d d h h f h k 11,12/ o t e ower gap at T = i not agree wit t e speci ic eat wor • 
The value obtained for the ratio of the densities of states did agree with 
the band calculations of Mattheiss,lQI hO'tfever. Therefore the present 
investigation was started in order to obtain more detailed data to a lower 
range of temperatures. The results of this investigation have contradicted 
the results of Carlson and Satterthwaite. No evidence for the existence of 
52/ the second transition temperature has been found, although Tan~ has sug~ 
gested that the results of Carlson and Satterthwaite can be made to agree 
with those of the specific heat measurements. 
In summary, the evidence for the existence of the second gap in 
the literature appears to be mixed. The principal source of the positive 
evidence being the specific heat measurements of Shen, Senozan, and 
Phillips,lll and more recently the tunneling data of Hafstrom, et al.~1 An 
independent group must repeat these measurements before a real criticism of 
them can be made, so the question of the existence of the second gap seems 
to remain open. 
H. Alternatives to a Two-Gap Theory 
At present no clear-cut alternatives to the two-gap theory exist, 
although two possibilities are known. In an unpublished calculation, 
--------"-----"-"-
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A, V, Granato has been able to explain the specific heat measurements on the 
basis of a phonon resonance centered at about lK, This leaves unexplained 
the other anomalies that occur in niobium, such as the extra peaks in tunneling 
results, and the anisotropy of upper critical field measurements. 
The other alternative explanation is due to A. Rothwarf. 53/ It 
attempts to explain the behavior of niobium (and other transition metals as 
well) by assuming the existence of a type of collective excitation of the 
conduction electrons Rothwarf callsUacoustic plasmons ,ID A reasonably good 
fit to the specific heat data is obtained using this theory, although it is 
primarily the normal state that is treated. Further work with this theory 
is necessary before any definite conclusions can be drawn, 
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SECTION III; EXPERIMENT 
A.Sample Description 
The measurements were made on four single c.rystal ';niobium rods 0 
All four were prepared by zone refining, and were determined to be single 
crystals both visually and by Laue back reflection patterns, The physical 
characteristics of the samples are summarized in Table 1, A c.omplete 
detailed history of the samples including the changes that were made on them 
between each run is given in Appendix I, and the thermal conductivity versus 
temperature data are given in Appendix II. 
Sample A was made from material obtained from Linde Division, 
Union Carbide Corporation, Indianapolis, . Indiana, This material was pre= 
pared by Dr. Robert Meyerhoff by multiple electrolysis in a molten niobium 
salt cell. The rod itself was made by Professor H. K. Birnbaumus group 
using an electron-beam floating zone furnace. The sample was then out-
gassed under a very high vacuum at a temperature near its melting point. A 
mass spectrographic analysis shows a residual tantalum content of less than 
90 ppm, atomic,53/ This is the same sample that was used by B. K. Moore for 
his thesis work, 53/ and referred to as aBLindeNiobium, all The sample was 
apparently bent, however, between the time that he made his measurements on 
it and the time that the first set of measurements were taken on it in this 
investigation, 
54/ 
ments-
Sample B was the same sample used by J. R, Carlson in his measure-
and was also used by Moore53 / under the name· "Wah Chang Niobium, un 
The starting material came from Wah Chang Corporation, Albany, Oregon, 
During the course of Carlsonvs measurements, the sample was lightly vapor-
blasted and coated with 1000K of nickel, and was also bent. Residual 
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resistance measurements repeated after the damage was done, however, indicate 
that the electrons were not affected by any bulk damage that occurred~55/ 
Late in this investigation Sample Bwas high-vacuum annealed (~5X10-9 Torr) 
at a temperature of 22000 C for one hour. It can be seen from the high tem-
perature thermal conductivity (see Figure 15) that the residual resistance 
was not affected by this process either. 
Sample C was made from material obtained from Materials Research 
Corporation. Very little is known about the subsequent history of this 
sample. prior to the present measurements. 
Sample D is the same sample that was used by Moore and referred to 
by him as JlNb-1%Ta. o8 Mass spectrographic analysis indicates a tantalum con-
centration of about one percent, atomic. This is consistent with an analysis 
made with an electron microprobe.21/ The microprobe analysis of slices taken 
from each end of the rod suggests that the tantalum is uniformly distributed 
within the sample. 
The residual resistance data quoted in Table 1 were all taken by 
B. K. Moore and/or C. B.Satterthwaite. The resistances were measured at 
room temperature and at 4.2K.For samples B, C, and D, this was a low 
enough temperature that the.norma1 state thermal conductivity was linear in 
temperature. For_Sample A, however, this was probably not the case, Fields 
on the order of a few kilogauss were sufficient to achieve a resistivity which 
was constant with field for all samples except Sample A, which showed con-
siderab1e magneto-resistance. The resistivity continued to change as a 
function of field in transverse fields up to 20 kilogauss, and in longitudinal 
fields up to 28 kilogauss. The value quoted in Table 1 is therefore the 
value obtained from an extrapolation to zero magnetic field. 
The Lorentz Number is defined to be 
L 
o 
=~ 
T 
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Table 1 
Description of Niobium Samples 
Sample A B C D 
Average 
Diameter (em) 0.304 0.460 0.643 0.315 
Length (em) 13.5 9.5 13.5 14.0 
Average Ther-. 
mometer Spacing 4.5 4.5 10.0 6.0 
(em) 
RRR.= R300/R4.2 1800 196 135 26 
Lorentz Number 
2.1X10- 1 2.45X10- 1 2 .46X10- 1 2. 44XIO- 1 at 4.2K 
(erg-ohm) 
2 
see K 
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where x is the thermal conductivity, p is the electrical resistivity, and T is 
the temperature. The values quoted in Table 1 may be compared to the theoreti-
cal result obtained from the free electron model: 
2 2 
L = .1L(1) 
0 3 e 
2.445XIO- l erg ohm = 
K2 sec 
where k is the Boltzmann constant, and e is the electron charge. It will be 
noted that the experimental numbers agree with the theoretical value very 
well except for Sample A. This discrepancy may be due to the poor value for 
the resistivity ratio for this sample. 
B, Sample Preparation 
The sample was attached to the mixing chamber of a dilution refrig-
era tor with a custom-fitted copper collet (see C; Figure 6) which was firmly 
clamped to the sample. The carbon resistor slab thermometers56/ were glued 
to their copper clamps (see H; Figure 6) with GE 7031 varnish, and were 
electrically insulated from the clamp by a layer of cigarette paper, All of 
the copper clamps, as well as the copper collet, were outgassed in a hard 
vacuum for two hours at 2000 C and then annealed for It hours at 600oC. This 
insured that they were ·soft enough to conform to the shape of the sample and 
that they would not strain the sample when they were clamped to it. Thermal 
contact between the sample and the clamp was aided by a layer of Apiezon 
N-Grease. The resistor leads (0.002" manganin wires) were thermally and 
mechanically grounded to the clamp. (See detail in Figure 6,) 
Two heaters were attached to each sample using solder-coated super-
conducting wires as leads. 2I1 The upper heater was glued (with GE 7031 
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Figure 6: Thermal conductivity sample and mount. 
A -Space for a second sample. 
B - Post which screws into the mixing chamber. 
C - Copper collet. 
D - Copper block. 
E - Copper set screw for collet. 
F - Brass collet clamp. 
G - Upper sample heater. 
H - Copper thermometer clamp. 
I - Niobium sample. 
J - Carbon resistor slabs on lower thermometer 
clamp. 
K - Lower sample heater. 
L - CMN crystal. 
M - Support for the CMN crystal. 
N - GE 7031 varnish thermal ground for the 
resistor-slab leads. 
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varnish) around the sample at a distance greater than one sample diameter 
away from the upper thermometer clamp, and was used for temperature regula-
tion of the upper thermometer. The lower heater was glued with GE 7031 
varnish to a piece of copper foil which was in turn glued to the bottom of 
the sample as: in Figure 6. The thermometer and heater were again separated 
by at least one sample diameter. The bottom heater was used to introduce a 
heat flux into the sample during the measurement. 
The spacing of the thermometers was determined by the use of a 
traveling microscope. The value used in the calculation of the thermal con-
ductivity was the average separation of the copper clamps, which had a thick-
ness of about 1 mm. The spacing to cross-section ratio (~) for the four 
samples ranged from about 25 for Sample B to about 80 for Sample A. The 
average diameters of the samples were determined both with a traveling micro-
scope and with a micrometer. 
C. Thermometry 
The sample thermometers were calibrated in thermal equilibrium 
against a sphere of cerous magnesium nitrate (CMN) which obeys the Curie law 
to about 0.007K and has no shape correction. The CMN was calibrated against 
3 )581 the He vapor pressure scale (T62 -- in the range lK to 2K.The magnetic 
susceptibility of the CMN sphere was measured with a mutual inductance 
bridge.~1 A new calibration for both the sample resistors and the CMN was 
obtained for each run, although the difference between the calibrations was 
found to be less than one per cent. 
The resistance of each resistor-slab thermometer was measured with 
an ac Wheatstone bridge with phase sensitive detection. In all cases, the 
power dissipated in the resistor due to the measuring current was kept small 
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enough so that good thermal contact was insured, (This was determined by 
watching for heating in the resistor as the measuring current was increased,) 
The resistance of the thermometers was measured to an accuracy of 0.05%. 
The resistance versus temperature characteristics of the resistor-
slabs are such that their usefulness is limited to a temperature range deter-
mined by their nominal resistance. That is, below this temperature range 
the resistance becomes too large to measure accurately, and above the tempera-
ture range the change in resistance with temperature becomes too small to be 
useful, For this reason, two different resistor-slabs were mounted to each 
thermometer clamp (see detail of Figure 6), One, a nominal 100 Ohm Speer 
resistor, was used for the measurements in the range 0,03K to 0.5K, and the 
other, a nominal 220 Ohm Speer resistor, was used for measurements in the 
range 0,5K to 4.0K. Both resistor-slabs were used in the range 0.3K to 0.7K 
as a check on the reliability of the two calibrations. It was found that the 
thermal conductivities calculated with the two different resistor-slabs 
differed by less than one per cent. 
A check on the reliability of the calibration of the resistance 
thermometers was performed on two consecutive runs by reversing (top and 
bottom) the thermometers of one sample and comparing the plots of temperature 
versus resistance. Since it is known56 / that handling and thermal cycling 
usually only affect the jizeroiB of these curves, not their slopes, it was 
easy to compare the two curves and to determine the effect of the proximity 
of the mixing chamber on the measured resistance. It was found that there 
was a small difference in the temperature (due to a heat leak to the sample) 
-2 
which was calculated to be about 10 erg/sec. The resulting temperature 
difference, measured along the sample, is less than O.OOlK at a temperature 
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of O.03K and decreases with increasing temperature until it becomes negli= 
gible above a temperature of about O.lK. This heat leak was probably due to 
vibration, since an additional radiation heat shield was used on a subsequent 
run and was found to have no measurable effect on the calibration. 
D. Experimental Procedure 
The measurement of the thermal conductivity of a given sample at 
a given temperature was performed in the following manner. The uncalibrated 
upper thermometer was maintained at a constant temperature either by regulat-
ing the temperature of the mixing chamber of the dilution refrigerator (for 
temperatures less than O.8K) or by regulating the temperature of the upper 
sample heater (for temperatures greater than O.8K). This change in technique 
eliminated the possibility of swamping the mixing chamber with heat, thus 
interfering with the operation of the refrigerator. Temperatures below O.8K 
were regulated electronically, while temperatures above O.8K were regulated 
by hand using the upper sample heater. The manual regulation was necessitated 
by the faster time constant and increased sensitivity available when the 
sample was heated directly. The electronic regulator tended to oscillate 
above O.8K unless great care was taken. 
When the sample had had time to come to equilibrium at a given 
temperature, the resistance of the lower thermometer was measured. Heat 
was then introduced to the lower end of the sample by means of the lower 
sample heater, and a second value for the resistance of the lower thermometer 
was obtained once the sample had reached a steady state condition. The power 
dissipated in the lower sample heater was determined to an accuracy of one 
per cent by a four terminal potentiometric technique employing a digital 
voltmeter. In the case of the first few runs, this procedure was repeated 
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in order to assure reproducibility of the measurements. In later runs this 
was changed. It -was observed that merely reproducing a measurement did not 
insure that the sample had reached steady state conditions, but only that 
the observed conditions were reproducible. For this reason, the repetition 
of the measurement was changed to a second measurement with the regulating 
thermometer at the same temperature, but with only half as much power applied 
to the lower sample heater. In this way, two measurements at nearly the 
same average temperature were obtained. In the first measurement steady 
state was reached by drifting up in temperature, while in the second measure-
ment it was reached by drifting down in temperature. Thus, any errors incurred 
because of an insufficient waiting time would tend to cancel out between the 
two measurements. 
The experimental data obtained was thus in the form of 1) a tem-
perature calibration for the set of lower thermometers (resistance versus 
temperature); 2) a resistance corresponding to zero power input to the lower 
sample heater; 3) a non-zero value for the heater power; and, 4) a corres-
ponding resistance. Note that all measurements at a given temperature were 
made on the same thermometer, so that only one temperature calibration is 
involved for each data point. 
The thermal conductivity was calculated from the raw data in the 
following manner. A calibration plot of log R versus log T was made for 
each of the lower resistors. A smooth curve was drawn through the points 
on this curve and the slope was determined graphically at many points along 
h Th 1 ( ~(logR» 1 d R d th t e curve. e s ope ~(log T) was p otte versus ,an a smoo curve 
was drawn. For each data point an average resistance for the lower resistor 
was obtained by averaging the resistance measured with the lower sample 
--------------------
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heater turned off with that measured with it turned on. This average resis-
tance (R) was used to find an average temperature (T) on the calibration plot 
ofR versus T. The change in temperature of the measuring resistor was then 
calculated by means of the expression 
6T = 8T • fiR. _ Mlog T) I 
fiR. - 6(10g R) R=R 
T 
G ..... 0 ~ (19) 
R 
where the value of the slope is obtained from the smoothed plot of slope 
versus resistance at R = R, and where fiR. is the difference between the two 
resistances corresponding to the lower sample heater being turned on and off . 
• The value of 6T obtained was used with the measured heater power Q to calcu~ 
late the thermal conductivity by means of the defining equati.on, Eq. (2). 
In all cases the ratio of the temperature change to the average 
temperature ~T was in the range 5% to 15%. 
E. ErrorEstimates 
The errors inherent in the measurement of the various quantities 
used to calculate the thermal conductivity are summarized in Table 2. It 
is seen that the values derived for the thermal conductivity are expected to 
be in error by no more than 3% at the lowest temperatures, and by no more 
than 2% above O.lK. 
Another check on the accuracy of the measurements can be made by 
comparing the values calculated from the two different thermometers in the 
temperature region where they can both be used. It is found that in all 
cases the two cBindependentll measurements agree within 1%; therefore, the 
above mentioned limits on the accuracy of the calculated thermal conductivity 
are almost certainly upper limits on the effects of the error~ in measurement. 
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Table 2 
Estimated Measuring Errors 
Quantity 
Absolute temperature 
calibration (CMN 
calibration): T 
Average temperature: 
Resistance of 
thermometer: . R 
Difference in 
resistances: liB. 
Slope: n = 8(1og R) 8(10g T) 
} 
T } 
} 
J 
} 
Power to ~ower sample } 
heater: Q 
Length to cross-L } 
section ratio: A 
Thermal conductivity: XJ 
(Assuming random 
contributions from all 
of the above errors) 
% Error 
2% 
1% 
0.0.50% 
0.1% 
0.5% 
1% 
2% 
3% 
2% 
Source of Error 
Heat leak at lowest 
temperature 
(Negligible above O.lK) 
Accuracy of graph 
Negligible - due to noise 
uncertainty in R 
Ability to measure slope 
from graph of R vs. T 
Sensitivity of DVM, 
thermals, heat leak 
Uncertainty in measurements 
At lowest temperatures 
Above O.lK 
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F, MagneticFie1ds 
The small transverse magnetic fields necessary for the latter part 
of the investigation (see Section IV) were established by the use of two 
Helmholtz coil pairs. The 10 Gauss field was created with the larger of the 
two sets. It had a radius of 26 em and 93 turns in each coil, The smaller 
set which was used to cancel out the earthDs magnetic field had a radius of 
23 em and 50 turns in each coil, The current in and orientation of the coil 
were manipulated until a minimum (~20mG) was obtained as measured with a 
rotating coil fluxmeter. It was determined that this minimum was the lowest 
field possible due to the presence of an ac magnetic field in the laboratory 
with a magnitude of about 0.01 Gauss. 
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SECTION IV: RESULTS 
A. General Results 
The thermal conductivities of the four sandblasted samples (A-5, 
B-4, C-l, D-3) are plotted as a function of temperature in Figures 1, 8, 9, 
and 10, ' These particular runs were chosen for presentation as the sandblasted 
data are the most useful for general discussions since they can be compared 
to theory at low temperatures where it is expected that boundary scattering 
of phonons will be the principal conductivity-limiting process. 
At the highest temperatures (~K) the thermal transport is dominated 
by normal state electrons, With decreasing temperature and condensation of 
electrons into the superconducting ground state, the electronic scattering 
of phonons decreases and the lattice conductivity increases and eventually 
dominates the thermal transport. At still lower temperatures « l,5K) the 
lattice conductivity is limited by phonon scattering from sample boundaries 
and crystalline imperfections. (The solid line in each of the four figures 
3 60/ 
mentioned above is the calculated T phonon conductance,==' This calcula-
tion assumes the appropriate diameter for each crystal, a Debye temperature 
of 217K, and diffuse reflection at the sample boundaries,) It is seen that 
only below about O,lK does the magnitude of the phonon thermal conductivity 
approach a value corresponding to boundary-limited conduction, Therefore, 
it appears that there must be an additional phonon scattering mechanism at 
work in the temperature range from 2K or 3K to about O,lK. 
The next few parts of this section (.1. e., parts B.,D) will be 
devoted to the examination of the nature of the thermal conductivity around 
the lK to 2K region, It will be established that for temperatures below 
about 3K the major contribution to the thermal conductivity is due to phonons, 
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Figure 1: Thermal conductivity versus temperature 
for sandblasted Sample A. 
(Run A-S, RRR = 1800, Diam =: 0.304 cm) 
Circles: data 
Solid line: boundary-limited phonon contri-
bution to the thermal conductivity: 
~ d = 2.42Xl06T3erg/cm sec K. boun 
Broken line: normal state thermal 
conductivity as measured by Moore53/: 
~ 1 =3.2X101T erg/cm sec K. 
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Figure 8: Thermal conductivity versus temperature 
for sandblasted Sample B. 
(RunB-4, RRR = 196, diam = 0.470 cm) 
Circles: data 
Solid line: boundary-limited phonon contri-
bution to the thermal conductivity: 
K d = 3. 74XI06T3erg/cm sec K. boun 
Broken Line: normal state thermal conduc-
tivity as measured by car1son2±/: 
6 X 1 = 3.5x10 T erg/em sec K. 
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Figure 9: Thermal conductivity versus temperature 
for sandblasted Sample C. 
(RunC-l, RRR ; 135, diam = 0.643 cm) 
Circles: data 
Solid line: boundary-limited phonon contri-
bution to the thermal conductivity: 
It. d <= 5.11 X106T3 erg/em sec K. boun 
Broken line: normal state thermal conduc-
tivity as calculated from the residual 
resistivity ratio: 
6 
x 1 = 2,3xlO T erg/em sec K. 
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Figure lO~ Thermal conductivity versus temperature 
for sandblasted Sample D. 
(Run D-3, RRR = 26, diam = 0.315 cm) 
Circles~ data 
Solid line: boundary-limited phonon contri-
bution to the thermal conductivity: 
x. d;: 2.50X106T3 erg/em sec K. boun 
Broken line: normal state thermal conduc-
tivity as measured by Moore: 53 / 
K 1 = 4.0Xl05T erg/em secK. 
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and that the extra scattering mechanism mentioned above is the scattering of 
phonons by dislocations. The results of the investigation into the two-gap 
properties of superconducting :niobium will be given in parts E and F of this 
section. 
B, .Effect of Sandblasting on the Thermal Conductivity 
In order to ascertain that the sandblasting of the samples was 
affecting only the surfaces of the crystals, and not their interiors, the 
following set of measurements was carried out, First, the thermal conduc-
tivity of the crystal was measured in the uUas received DD condition, i.e., 
with the surface as smooth as it was when it came out of the zone furnace. 
(The sample which was used for this test had been etched slightly before 
this measurement was made, but no real damage to the surface could be observed.) 
The crystal was then sandblasted and the measurements were repeated. Finally, 
the crystal was electropolished in a solution of 15% Hydrofluoric acid and 
85% Sulfuric acid until its surface appeared smooth and shiny, The measure-
ments were repeated again, The resulting thermal conductivities are plotted 
for Sample A in Figure 11. 
Upon comparison of theilas received DD data and the 'UelectropolishedDD 
data it is seen that whatever damage was done to the crystal by sandblasting 
was essentially removed by the process of electropolishing. It is possible 
to state, therefore, that only surface damage is done by the sandblasting 
process, since only the surface of the crystal is affected by the electro-
polishing process. :(Tbis statement is not strictly true, since niobium 
absorbs interstitial hydrogen when it is immersed in an acid solution.211 
However, since the crystal had already been etched before the· IDas received DH 
52 
Figure 11: Effects of sandblasting and electro-
polishing on the thermal conductivity of 
Sample A. 
Diamonds: . lias received!u: Run A-3 . 
. Circles: . "sandblasted lD : .Run A-5 
XiS: "electropolishedDu: .Run A-6. 
E 
~ 
Cl 
~ 
Cl.) 04 
-I ~ 
<> 
8 
8 
53 
8 
0.1 1.0 
T (K) 
54 
data were obtained, it is assumed that the hydrogen interstitial popula-
tion was already saturated,) 
In an attempt to determine the temperature dependence of the un-
sandblasted-boundary-scattering contribution to the thermal conductivity 
(cf. the T3 contribution from the sandblasted surface), a calcula~ 
tion was performed to estimate the mean free path due to this pre-
dominantly specular reflection boundary scattering process. It was assumed 
that there were only two contributions to the thermal conductivity: one 
related to an internal phonon scattering process (with mean free path t.) 
~ 
which was the same regardless of surface condition, and one related to the 
surface scattering itself (~)o It was also assumed that in the case of the 
s 
sandblasted sample the boundary scattering of phonons was all diffuse so 
that it was possible to write 
~s (sandblasted) := ~s (diffuse) = \ =: Constant 
60/ 
where the constant is proportional to the diameter of the crystal.~· The 
thermal conductivities for the two cases may then be written 
cxr3 (L + L) -1 X = (19) 
sr ~. ~ 
~ s 
dI'3(L + L) -1 Xsb = (20) ~i -\ 
where X is the thermal conductivity for the Yispecular reflectionllQ case 
sr 
(~~as received~D or flflelectropolished lU ) , \b is the thermal conductivity for 
the sandblasted case, ~ is the constant mean free path due to diffuse 
reflection at the sample boundaries, ~. is the mean free path due to the 
~ 
internal scattering process, ~ is the mean free path for the specularly 
s 
reflected boundary scattering of phonons, and ~ is given by 
which, for niobium, is 
01 <= (1/3)Cv 
T3 
01 :;:: 0.6764 erg 
2 K4 sec cm 
Solving Eqs. (19) and (20) for ~ gives 
s 
QT3 
~ = (~ 
s X 
sr 
0tT3 1-1 
-+~) 
xsb \ 
55 
(21) 
(22) 
It is expected that, if Mattheissenus rule holds, ~ should always 
s 
be positive, assuming that a correct choice is made for \. It is found, 
however, that in order for ~ to remain positive at all temperatures it is 
s 
necessary either to choose ~ to be several times the sample diameter (a 
1 h o h 0 h 0 1 0 60/) resu tw LC LS contrary to t eoretLca expectatLons~ or to assume an 
extra phonon scattering mechanism for the sandblasted case. This is easily 
3 T3 
seen in Figure 12 where the quantity (~ - --=) is plotted versus tempera-X X 
-1 sr sb 
ture. The value of -(OI~) ,using the value that is obtained for ~ if 
diffuse scattering from the sample boundaries is assumed,is shown as a broken 
~ -1 must be less line for reference. In order for to be positive, 
- (OI~) 
T3 T3 
s 
than (-- ~) But Figure 12 shows that this is true for Samples A and 
x X 
sr sb 
B only at high and low temperatures, and for Sample D only at low tempera-
tures. If it is assumed that the process of sandblasting has really forced 
the scattering at the sample boundaries to be diffuse, i.e., that the value 
for ~ is correct, and if it is also assumed that Mattheissenus Rule holds 
for the entire temperature range under consideration, then it appears that 
there is an additional phonon scattering mechanism at work in the sandblasted 
crystal which vanishes when the crystal is e1ectropo1ished. This process 
must therefore be occurring selectively at the surface of the crystal since 
56 
Figure l2:Results of the calculation to determine the 
mean free path associated with specular 
reflection at the sample boundarieso 
a = Sample A 
b= Sample B 
,c >= Sample D 
The dashed -1 line is the value of - (Ct\) , 
see texto 
T3 4 
The units of Ksec cm "it are erg 
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this is the only part of the crystal which is affected by the sandblasting 
or electropolishing processes, (This extra phonon scattering process has 
nothing to do with the possible presence of second gap electrons, as this 
term must be present in both li and lib (Le" in ~,) if it exists, and so 
sr s L 
would be subtracted out in the expression for ~ ,) 
s 
One possible explanation for this behavior is that the mechanism 
which causes the decrease in the thermal conductivity between 2K and O,lK is 
a phonon resonance of some kind, If the diffuse reflection of phonons at 
the surface of the sandblasted crystal is a thermalizing process, then the 
effectiveness of the resonance in screening out phonons would be increased 
in the sandblasted crystal, This is similar to the role played by normal 
processes in the bulk thermal conductivity if resonant scattering centers 
63/ 
are present,-- It is clear that more work must be done before this problem 
can be resolved satisfactorily; however, it can be concluded that sandblast-
ing is a reversible process which is necessary to remove specular reflection, 
C, Effec~of Strain and Annealing on the Thermal Conductivity 
A study of the effect of strain-introduced imperfections on the 
thermal conductivity was undertaken in order to determine whether the pro-
cess which limits the thermal conductivity between O,lK and 2K was due to 
dislocations or to some other scatterer (e,g" second gap electrons), It 
, 26-28/ has been shown prev~ously that the bending of a single crystal of 
niobium decreases the height of the peak near 2K, but these measurements 
were not made over a very wide temperature range, Therefore, it was necessary 
to repeat the measurements, . Several sets of measurements were taken on a 
single sample which was strained at room temperature between runs, The ther-
mal conductivities obtained for two such runs are shown in Figure 13, 
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Figure 13: Effect of strain on the thermal conduc-
tivity of Sample A. 
Circles: Before bending (RunA-2) 
Diamonds: After bending (Run A-3) 
These data are for an unsandblasted 
sample. 
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An analysis similar to the one used for the sandblasted crystal may 
be used here to obtain the mean free path associated with the change in ther-
mal conductivity due to bending the crystal. (In this case~ both sets of data 
were obtained with an unsandblasted sample, but it is expected that any sur-
face effects will remain unchanged between the two sets of data and should 
subtract out in the following analysis.) If it is assumed that the only 
difference between the two sets of data is due to the bending of the crystal, 
then the mean free path may be obtained by using Mattheissenus Rule. That 
is, let 
7-(, = orr
3 t (23) 
orr3 (1 + L) -1 7-(,0 = (24) t t 
x 
where 7-(, is the thermal conductivity before the crystal was bent, t is the 
mean free path associated with the thermal conductivity before the crystal 
was bent, 7-(,~ is the thermal conductivity after the crystal was bent, and t 
x 
is the mean free path associated with the change in the thermal conductivity 
due to the bending. ~ is given by Eq. (21). Solving Eqs. (23) and (24) for 
t gives 
x 
... m3 3 -1 
tx = (~ - ~ ) 
The results of this calculation are shown in Figure 14. 
(25) 
This calculation is not too helpful unless it is compared to the 
calculation of the mean free path associated with internal phonon scattering 
in the crystal. This mean free path is obtained from the thermal conduc-
tivity of the sandblasted sample by subtracting the contribution related to 
phonon scattering at the boundaries of the crystal as in Eq. (20)g 
62 
, I 
Figure 14: Mean free path associated with the change 
in the thermal conductivity due to strain 
in Sample A, 
Broken line: mean free path associated 
with the change in the thermal conductivity 
due to the strain. 
Circles: mean free path associated with the 
internal phonon scattering process (Run A-5). 
Solid line: ratio of the above: 
~strain/~internal' 
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(26) 
It is seen from the ratio of ~ to ~. in Figure 14 that although the magni-
x l. 
tude of the two mean free paths are different, their temperature dependences 
are very nearly the same, This would indicate that the mechanism which 
causes the scattering to increase when the crystal is strained is the same 
mechanism which is limiting the thermal conductivity of all four samples in 
the temperature range ; 091Kto 2K, 
. Further proof regarding the nature of the ilmysteryUU scattering 
mechanism is to be had by examining the changes that occur when a sample is 
annealed, It is expect,edthat this should reverse the damage done to the 
crystal when it was bent, 
In order to test this, Sample B, which had been bent before it was 
received (it was bent by J, R, Carlson between his two sets of data54/), was 
annealed in a high vacuum at ~2200oC for about one hour, (The magnitude of 
the thermal conductivity measured for this crystal after it was annealed 
indicates that it was in better condition than when it was first measured by 
Carlson, Compare the heights of the peak near 2K in Figure 15.) An analysis 
similar to the above treatment of the strained crystal was performed for the 
annealed crystal and the results are given in Figure 16, The data before 
and after annealing are for the sandblasted crystal. 
A comparison of the results for the straining of Sample A and the 
annealing of Sample B shows that, although the temperature dependences of the 
mean free paths associated with the change in the thermal conductivity due 
to strain or annealing are different for the two samples, it is seen that 
in each case the mean free path associated with the particular treatment 
(straining or annealing) has the same temperature dependence as the mean free 
65 
Figure 15: Effect of annealing on the thermal conduc-
tivity of Sample B, 
Circles: Before annealing (Run B-4) 
Diamonds: After annealing (Run B-6) 
Solid line: Data obtained by,Carlson 
before and after he bent the crystal 
Note: The effects of specular reflection in Carlsonus 
data are relatively unimportant above O.6K, 
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Figure l6~ Mean free path associated with the change in 
the thermal conductivity due to annealing in 
Sample B. 
Broken line~ MFP associated with the change 
in the thermal conductivity due to annealing 
Circles: MFP associated with internal scattering 
before annealing (Run B-4) 
Squares: MFP associated with internal scattering 
after annealing (Run B-6) 
Solid line~ Ratio of £. t 1 before annealing l.n erna 
to £. t 1 after annealing. l.n erna 
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path associated with the internal scattering mechanism for that crystal, 
Since the two samples differed in purity and surface condition it is not too 
surprising that the details of the internal mean free paths are different, 
Thus, it may be stated that the process which limits the thermal 
conductivity between O,lK and 2K is most probably due to the scattering of 
phonons by dislocations and not by the second gap electrons, However, it 
should still be possible to set an upper limit on the ratio Ns(O)/Nd(O) by 
setting an upper limit on the amount of electron scattering which could be 
observed in the temperature region around lK, This calculation will be per-
formed in part F of this section, 
D, Effect of, Small Magnetic Fields on the Thermal Conductivi~ 
Because niobium is a type-II superconductor, it can easily trap 
magnetic flux as it becomes superconducting, This is most probable for the 
less pure samples where impurities acting as point defects in the crystal 
lattice also act as flux-pinning centers, In order to determine if the extra 
internal scattering might be due to the scattering of phonons by the normal 
electrons present in the core of a fluxoid, the dependence of the thermal con-
ductivity on small transverse magnetic fields was measured, 
First the sample was cooled from about 20K in an external field of 
about 10 gauss, The thermal conductivity which was measured after the 
crystal had become superconducting and the external field had been turned off 
shows marked evidence of the presence of fluxoids, (See Figure 11, The 
results shown are for the purest crystal, Sample A,) 
Because a field as small as 10 ,gauss could trap flux even in this 
sample, an attempt was made to cancel the earthUs magnetic field so that the 
crystal could be cooled in a nominal field-free region, A Helmholtz pair 
70 
Figure l7~ Effect of small magnetic fields on the 
thermal conductivity of SampleA. 
Circles~ Field = 10 G 
Solid line~ Field = Earth 6 s field ~.5G 
Diamonds~ Field < 0.02G. 
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was used to provide the balancing field~ and the resulting field was measured 
with a rotating coil fluxmeter to be less than 20mG. However, the measured 
thermal conductivity was found to be the same as when the sample was cooled 
in the Earth's magnetic field. Therefore, to within the accuracy of the 
measurements made during the course of this investigation, it must be assumed 
that the thermal conductivity is independent of small transverse magnetic, 
fields 6n the order of one gauss. 
E. Implications of Excess Electronic Thermal Conductivity on the Second 
Gap Electrons 
Since the principal heat carriers below 2K are phonons, it is a 
simple matter to calculate an upper limit on the amount of thermal transport 
~hich could be due to second gap electrons, and yet which might not have been 
large enough to be observed. Assuming that an electronic contribution to 
the thermal conductivity could be distinguished if its magnitude were at 
least 10% of the phonon thermal conductivity, and making use of the normal 
state thermal conductivities measured by Moore for Sample A,53/ by Carlson 
for Sample B,54/ and calculated from the residual resistance for SampleC, 
it is possible to calculate the ratio Ns (O)/Nd (0) as in Eq. (17) orEq. (18). 
For the purposes of calculation, it will be assumed that the lower energy 
gap behaves as curve ub u in Figure 1, i.e., that the ratio of the energy 
gaps is the same at all temperatures, 
Therefore, the thermal conductivity of the lower gap electrons will have the 
form shown in Figure 3 as curve b. It will also be assumed that the ratio 
of the Fermi velocities vs/vd is in the range 1-20, as suggested by the 
o 0 
results of magnetic field and other measurements. (The value calculated 
f th d t . b T 23/ fl' h . d 1 .,. rom e a a gl.ven yang- or two crysta s Wl.t resl. ua resl.st1.vl.ty 
ratios of 110 and 2100 is a constant equal to about 18,5,) Thus, an upper 
bound on the value of Ns/Nd can be calculated from the experimental thermal 
conductivity according to the expression: 
~v~ )-1 , l-. d v o (27) 
where 
and where XS /xs is obtained at each temperature from.Figure3, and where 
es en 
XS is 10% of the measured thermal conductivity at each temperature, The cal-
culation is done for several temperatures for Samples A, B, and C, and the 
results are summarized in Table 3. "Sample D is not useful for this calculation 
since the normal state conductivity is less than the measured conductivity 
for the superconducting state. Thus, even if Ns/Nd were about 0.1, the elec-
tronic contribution to the measured thermal conductivity would be much less 
than 10%, 
While it is expected that the purest sample, Sample A, will evidence 
23/ the clearest two-gap behavior (since it supposedly has the largest Ns/Nd-- ), 
it is seen from Table 3 that Sample A gives the smallest upper limits for 
23/ In fact, if the values quoted by Tan~ for samples of 
similar purities to the ones measured here are assumed to represent the 
results of other types of experiments, then even Sample C gives upper limits 
that are from 4 to 10 times too small, If 8
s
(0)/8d (0) is less than 10-
1
, 
even smaller upper limits are obtained. 
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Although impressive, these results are not conclusive. Further 
manipulations are necessary in order to dismiss the possibility that some of 
the excess scattering observed between O.lK and 2K is due to the second gap 
electrons. 
F. Implications of Excess Scattering on the Second Gap Electrons 
Since it has been established that most of the excess scattering 
observed below2K is due to scattering of phonons by dislocations, it is 
possible to set an upper limit on the amount of electron scattering which 
would have to be present in order to be observable. For this purpose the 
samples which have the highest phonon conductivities are the most useful; 
therefore, the data taken on Sample B after it was annealed will be used rather 
than those taken before it was annealed. 
The calculation of the ratio Ns(O)/Nd(O) may be done in the follow-
ing way. It was shown in Section II that the phonon contribution to the 
thermal conductivity is limited by electron scattering, and that as this 
scattering decreases the phonon thermal conductivity will increase. It was 
also mentioned that the ratio of the normal state phonon thermal conductivity 
to the super conducting state phonon thermal conductivity (R = X Ix ) can g gs gn 
be calculated theoretically with some confidence. Since the amount of scat-
tering of phonons by electrons is proportional to the number of normal 
electrons which are present, the value ofR can be used at any temperature g 
to find the ratio of the number of normal electrons present to the total num-
ber of electrons. For temperatures low enough so that oOalPo of the d-like 
electrons are in the superconducting state, this ratio is the same as the 
ratio of the number of normal s-like electrons to the total number of electrons. 
R := g 
n 
normal 
ntotal 
16 
(28) 
If the value forR is the largest value possible, then the value obtained g 
for Ns(O)/Nd(O) is an upper limit for the actual valueo A good choice for 
R is, therefore, the value at the top of the peak in the thermal conductivity g 
near 2Ko 
In order to calculate R , however, it is necessary to have a value g 
for the phonon thermal conductivity in the normal state (x. )0 Normal state gn 
data on niobium are available, but the phonon contribution is, in general, too 
small to be separated from the electronic contributiono X can be calculated gn 
in another way, however, since it is possible to subtract the contribution of 
53/ the upper gap electrons=- from the total thermal conductivity to obtain the 
phonon thermal conductivity at high temperatures 0 The resulting conductivity 
is due to thermal transport by phonons and possibly by small gap electrons, 
If it is assumed that most (eogo, 90%) of this resulting conductivity is due 
to phonons, then it is possible to use the calculated and/or measured values 
for R at high temperatures 24 / to obtain a value of x. 
g ~ 
The value of the 
phonon conductivity is found at a temperature which is as high as possible, 
but at which the scatter in x. is not too largeo This conductivity is called gs 
Xgs(TR) in Table 40 The value of Rgat Th is obtained from the work of 
Lindenfeld and Rohrer, 24/ and is divided into X (TR) to obtain x (TR) 0 But gs gn 
since x gn T2, it is possible to obtain x at the peak (TL)~ gn 
TL 2 
x (TL) - x (TR) (~T ) gn gn R (29) 
Dividing this into Xgs(Tt ) gives Rg(TL) which is Nd/Nso All of the above 
quantities are found in Table 4 along with the values given by Tang23/ for 
two samples with residual resistivity ratios similar to those used in this 
investigationo 
Tl! 
It is seen from Table 4 that all four samples give upper limits for 
-3 -4 Ns(O)/Nd(O) which are less than 3X10 ,and which are as small as 6X10 for 
Sample B, Therefore, if the s-like and d-like electrons are equally as 
effective as phonon scatterers, it would appear that there are many fewer of 
the s-like electrons present in niobium than have been reported previously. 
78 
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Table 4 
Upper Limits for the Ratio Ns/Nd Calculated 
from Excess Scattering for Each Niobium Sample 
Sample A-5 B=6 C=l D-3 
RRR 1800 196 135 26 
T H 2,80 3,72 2,80 3 0 72 
X (TH) 1.87Xl0
6 4,9 X10 5 9,3 Xl0 5 2,5 Xl05 gs 
Rg(TH) 70 40 70 40 
X (TH) 
4 1.22X104 1.33Xl04 6,25X103 2,67Xl0 gn 
TL ,1.80 1.80 1.70 2,00 
X (TL) l,lOX10
4 2,86 Xl03 4,90X103 1,81X103 gn 
X (IL) 3,66X10
6 4,80X106 4,OOXl06 1, 16X106 gs 
Rg(TL) 3,31Xl0
2 1,68Xl03 8,17 Xl0 2 6,41 X10 2 
N/Nd 3.02 X10-
3 5,95Xl0- 4 L 22 Xl0=3 1.56X10-3 
N/Nd)Tang 1.2 XIO-
1 2 X10- 2 
(RRR = 2100) (RRR =: 110) 
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SECTIONV~ CONCLUSIONS 
The thermal conductivity of superconducting niobium has been 
measured in the temperature range from 0.03K to 4K for four single crystals 
ranging in purity from a residual resistivity ratio of 26 to 1800. The data 
obtained have been compared to the various theories of the thermal conduc-
tivity of superconductors, and have been examined for any evidence of t.he 
presence of a second energy gap in superconducting niobium. 
By examining the ·effects of strain and annealing on the thermal con-
ductivity near 2K, it has been established that most of the thermal transport 
in this region is due to phonons. The presence of an unexplained excess of 
phonon scattering near the peak in the thermal conductivity at: 2K has been 
presented. The fact that this scattering mechanism acts over such a limited 
temperature range suggests that it is some kind of resonant scattering of 
phonons by the dislocations present in the crystal. 
In an attempt to examine the phonon mean free path which is asso-
ciated with specular reflection at the sample boundaries 3 it was discovered 
that there is an additional scattering mechanism at work which only contri-
butes to phonon scattering when the crystal has been sandblasted. It was 
suggested that this extra scattering of phonons was due to the increased 
efficiency of the phonon resonance resulting from the thermalization of 
phonons at the crystal surface. More work is necessary before this problem 
can be resolved satisfactorily, but an exact knowledge of this mechanism is 
not essential to the following comments. 
Examination of the thermal conductivity near lK for the presence 
of excess thermal transport which might be attributed to the presence of 
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electrons associated with a second energy gap has led to the setting of an 
upper limit for the number of such electrons which are present, For the purest 
sample measured (Sample A"RRR = 1800), this upper limit was found to be about 
-4 2xlO Nd , where Nd is the density of states of the upper, or d-like, band, as 
-1 
compared to a previously quoted value of l,2X10 for a crystal with RRR = 
2100, The middle puritY,samples (Samples Band C,'RRR = 196 and 135, respec-
-4 -3 tively) gave upper limits for the ratio Ns/Nd in the range 8X10 to 5X10 ,as 
compared to a previously quoted value of l,5X10- 2 for a crystal with RRR = 110, 
(It is assumed for these calculations that the ratio of Fermi velocities, 
vS/vd , is about 18, as found in the literature, 23 /) It is clear from these 
o 0 
results that either the second gap electrons do not take part in the transport 
of thermal energy, or that there must be another explanation for the other 
published results which support the presence of a second energy gap, 
Examination of the scattering of phonons near lK also allows the 
establishment of an upper limit on the ratio Ns/Ndo This upper limit may be 
derived from the maximum of the observed phonon thermal conductivity, Values 
-3 for the upper limit set in this way range from 3X10 for the purest sample 
(Sample A) to 6X10-4 for Sample B, Again, it appears that either the second 
gap electrons do not scatter phonons as effectively as the upper gap electrons, 
or that the second gap electrons are present in numbers much low'er than those 
expected on the basis of specific heat and tunneling measurements, 
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APPENDIX I 
HiSTORY OF NIO~lUM SA~LES 
Sample A 
Run A~l: (5.20.70) The sample had been slightly etched in a 
solution of 40% Nitric acid, 10% Hydrofluoric acid, and 50% water before it 
was received. It appears that the sample was also bent slightly in the 
process of mounting since the thermal conductivity measured in this run dif~ 
fered considerably from that measured previously by Moore. Some of this differ-
ence is due to a systematic error of unknown origin which was also noticed 
in the data for Sample B taken in the same run (B-2). 
Run A-2: (6.8.70) The sample was purposely bent by as small an 
amount as possible. The bending was done by hand, and amounted to moving 
I 
one end of the crystal (which is about 14 cm long) out of line with the 
other end by about 0.2 em. The sample was then straightened, and mounted 
with an additional radiation heat shield. 
Run A-3: (6.20.70) The sample was bent much more and straightened 
without unmounting it. This time the crystal was bent uniformly by hand 
through an angle of about 45 degrees. The run was made without the extra 
radiation heat shield. 
Run A-4: (7.26.70) Nothing was purposely done to the sample 
between this run and the previous one in order to test the reproducibility 
of the data. 
RunA-5: (8.11.70) The sample was sandblasted with 27 micron 
air-borne abrasive. 
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Run A-6: (10.3.70) The sample was unmounted and e1ectropo1ished 
in a solution of 15% Hydrofluoric acid and 85% Sulfuric acid at a current of 
4.5 amps for 6 minutes. 
Run A-I: (10.16.70) The sample was irradiated with a cobalt-60 
5 
source to a dosage of about 10 r.lt was then sandblasted with 27 micron air-
borne abrasive. 
Run A-8: (10.21. 70) The sample was run again without warming it 
above 20K, but was cooled from about 20K in a magnetic field of about 10 gauss. 
Run A-9: (10.24.70) The sample was run again without warming it 
above 20K, but was cooled from about 20K in a magnetic field of less than 
20 milli-gauss. 
Sample B 
Run B-1: (3.30.70) The sample was run as it was received, i.e., 
with a Nickel coating put on by Carlson, and lightly sandblasted with #500 
Water-borne grit. 
Run B-2: (5.28.70) The sample was slightly etched with a solution 
of 40% Nitric acid, 10% Hydrofluoric acid, and 50% water, to remove the nickel 
coating. This run seems to give systematically low values for the thermal 
conductivity due to some unknown error (cf. A-l). 
Run B-3: (6.8.10) Nothing was done to the sample between this 
run and the previous one except to reverse the regUlating and measuring ther-
mometers in order to check the accuracy of the temperature calibration. 
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Run B-4~ (8.31.70) The sample was sandblasted with 21 micron air-
borne abrasive. 
Run B-5~ (10.3.10) The sample was electropolished in a solution 
of 85% Sulfuric acid and 15% Hydrofluoric acid at a current of 0.65 amps for 
12 minutes, 2.5 amps for 5 minutes, and 4.5 amps for one minute. 
Run B-6~ (11.30.70) The sample was annealed for about one hour 
o -9 
at 2200 C in a vacuum of about 5XlO Torr, and then was sandblasted with 
27 micron air-borne abrasive. 
Sample C 
Run C-l~ (8.31. 70) The sample was sandblasted with 21 micron air-
borne abrasive • 
. Sample D 
Run D-l~ (7.3.70) The sample was run as received. 
Run D-2 ~ (7.26.70) Nothing was purposely done to the sample 
between this run and the previous one in order to test the reproducibility 
of the data. 
Run D-3 ~ (8.11.10) The sample was sandbla·sted with 1f500 grit 
water-borne abrasive, and then with 27 micron air-borne abrasive. 
Run D-4~ (10.16.70) The sample was irradiated with a cobalt-60 
5 
source to a dosage of about 10 r. It was then sandblasted with 27 micron air-
borne abrasive. 
Run D-5 ~ (10.21. 70) The sample was run again without warming it 
above 20K, but was cooled from about 20K in a magnetic field of about 10 gauss. 
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Run D-6~ (10.24.70) The sample was run again without warming it 
above 20K, but was cooled from about 20K in a magnetic field of less than 
20 milli-gauss 0 
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APPENDIX II 
THERMAL CONDUCTIVITX VERSUS TEM?ERATURE 
In this appendix are listed the thermal conductivity data versus 
temperature for all of the samples. The temperature (T) is given in Kelvins, 
and the thermal conductivity is given in erg/cm sec K. The symbol ( 6) is 
used to represent 10 6 
The numbering system refers to the changes which were made between 
runs. These changes are summarized in Appendix I. The letter refers to the 
sample, and the number refers to the particular run. 
The symbol 0#0 after the temperature means that the measuring 
re~istor was cut from a nominal 220 Ohm Speer resistor. Otherwise, the 
measuring resistor was cut from a nominal 100 Ohm Speer resistor. 
The symbol 0*0 after the thermal conductivity means that the 
measurement was made with only enough power supplied to the lower sample 
heater to give a 6T/T of about 5%. Otherwise, it may be assumed that ~T/T 
is about 10%. 
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Sample A-I: 
T K T K T K T K 
.0323 4.48( 2) .1320 1.l7{ 4) .6350 4.91{ 5) 1.5200# 3.98( 6) 
.0370 6.35( 2) .1590 1.74( 4) .635011 4.79( 5) 1.580011 4.27( 6) 
.0431 9.20( 2) .1860 2.41( 4) .7530 7.68( 5) 1.720011 4.48( 6) 
.0477 1.20 ( 3) .2130 3.22( 4) .7530# 8.32 ( 5) 1.850011 4.42( 6) 
.0530 1.54( 3) .2670 5.56( 4) .9730 1.43( 6) 1. 950011 4.33( 6) 
.0635 2.48( 3) .3230 8.89 ( 4) .970011 1.39( 6) 2.100011 4.28( 6) 
.0740 3.51( 3) .3770 1.29 ( 5) 1.1400# 2.14( 6) 2.2900(1 4.44( 6) 
.0900 5.42( 3) .4300 1.78( 5) 1.2900# 2.88( 6) 
.1070 7.72( 3) .5300 3.20( 5) 1.390011 3.36( 6) 
Sample A-2: 
T K T K T K T K 
.0450 1.26( 3) .2000 3.46 ( 4) .500011 3.15 ( 5) 1.3000# 3.59( 6) 
.0490 1.55( 3) .2500 5.81{ 4) .5980 5.13( 5) 1. 400011 4.18( 6) 
.0592 2.44( 3) .248011 5.85 ( 4) .600011 5.09 ( 5) 1.530011 4.90 ( 6) 
.0697 3.58( 3) .3000 9.09 ( 4) .7000 7.73( 5) 1.6000// 5.20( 6) 
.0803 4.97( 3) .298011 9.00( 4) .705011 7.65( 5) 1. 740011 5.30 ( 6) 
.0897 6.39 ( 3) .3500 1.34( 5) .8500 1. 21( 6) 1.8700/1 5.19( 6) 
.0995 7.96( 3) .350011 1.32( 5) .8500# 1.22( 6) 1.9800(1 5.09( 6) 
.1240 1.26( 4) .4000 1.85( 5) 1.0000# 1. 83( 6) 2.1500(/ 5.06( 6) 
.1500 1.84( 4) .398011 1.83( 5) 1.1000# 2.35( 6) 
.1750 2.61( 4) .5000 3.20( 5) 1.2100# 2.96( 6) 
Sample A-3: 
T K T K T K T K 
.0408 9.31( 2) .1760 2.22( 4) .880011 1.04{ 6) 2.070011 4.61( 6) 
.0495 1.54( 3) .2030 3.04{ 4) 1.0200 1.54( 6) 2.230011 4.73( 6) 
.0550 1.93( 3) .2530 5.09 ( 4) 1.030011 1.55( 6) 2.320011 5.09 ( 6) 
.0595 2.30 ( 3) .3020 7.84( 4) 1.1300// 2.00 ( 6) 2.440011 5.50 ( 6) 
.0660 2.96( 3) .3530 1.14( 5) 1.25001/ 2.50 ( 6) 2.540011 5.89( 6) 
.0718 3.61( 3) .4030 1.57( 5) 1.3500/1 3.01( 6) 
.0810 4.71( 3) .5100 2.72( 5) 1.450011 3.52( 6) 
.0905 5.97( 3) .6100 4.32( 5) 1.5800# 4.1l( 6) 
.1010 7.31( 3) .7200 6.41( 5) 1.660011 4.36 ( 6) 
.1280 1.18( 4) .720011 6.39( 5) 1.780011 4.60( 6) 
.1530 1.64( 4) .8800 1.03 ( 6) 1.9500# 4.55( 6) 
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Sample A-4: 
T K T K T K T K 
.0993/! 7.44( 3) .895011 1.ll( 6) 1.7700/1 4.72( 6) 2.3000/! 5.54( 6) 
.097511 7.13( 3)* .885011 1.04( 6)* 1.9100/1 4.89 ( 6) 2.5000/1 7.02( 6) 
.303011 7.68( 4) 1.480011 3.83( 6) 2.100011 5.06( 6) 
.293011 6.83( 4)* 1.640011 4.56( 6) 2.200011 5.17( 6) 
SamE1e A-5: 
T K T K T K T K 
.0448 2.20( 2) .1370 4.l4( 3) .4000 7.89 ( 4) 1.000011 1.0l( 6) 
.0439 2.04( 2)* .1355 4.07( 3)* .3920 7.42( 4)* 1.100011 1. 33( 6) 
.0495 2.S8( 2) .1390 4.44( 3) .4980 1.46 ( 5) 1.2000/1 1.68( 6) 
.0484 2.63( 2)* .137Q 4.19( 3)* .500011 1. 44( 5) 1.300011 2.05( 6) 
.0590 4.62( 2) .1600 6.37( 3) .4900 1.40( 5)* 1. 4000/1 2.50 ( 6) 
.0580 4.36 ( 2) * .1570 5.98( 3)* .4900/1 1.38( 5)* 1.500011 2.93( 6) 
.0767 9.41( 2) .1800 8.71( 3) .6010 2.S3( 5) 1.590011 3.34( 6) 
.0753 8.94( 2)* .1760 8.1s( 3)* .5900 2.39 ( 5) * 1.70001/ 3.70( 6) 
.0858 1.29( 3) .1990 1.13( 4) .7050 3.96( 5) 1.7800/1 4.00 ( 6) 
.0836 1.l9( 3)* .1950 1.07( 4)* .710011 3.92( 5) 1.900011 4.l7( 6) 
.0960 1.7l( 3) .2490 2.10 ( 4) .7000 3.73( 5)* 2.000011 4.26( 6) 
.0955 1.62( 3)* .2450 2.00( 4)* .700011 3.73( 5)* 2.100011 4.45( 6) 
.1105 2.48( 3) .3020 3.73( 4) .7950 5.l1( 5) 2.2000/1 4.74( 6) 
.1077 2.3l( 3)* .2960 3.39( 4)* .7800 5.01( 5)* 2.300011 5.17( 6) 
.1240 3.35 ( 3) .3500 S.54( 4) .900011 7.57( 5) 2.420011 S.76( 6) 
.1220 3.l6( 3)* .3440 5.24( 4)* .880011 7.l7( 5)* 2.550011 6.63( 6) 
Sample A-6: 
T K T K T K T K 
.0993 9.ls( 3) .330011 9.95( 4) .6080 4.37( 5) .910011 1.16( 6) 
.0970 8.82( 3)* .3230 9.65( 4)* .608011 4.4l( 5) .894011 1.09( 6)* 
.1250 1.44( 4) .323011 9.5S( 4)* .5940 4.06( 5)* .990011 1.39 ( 6) 
.1220 1.36( 4)* .3780 1. 38( 5) .595011 4.06( 5)* 1.090011 1.78( 6) 
.1500 1.96 ( 4) .380011 1.36( 5) .6820 s.63( 5) 1.190011 2.19( 6) 
.1470 l.87( 4)* .3720 1.3l( 5)* .680011 S.77( 5) 1. 290011 2.63( 6) 
.1750 2.62( 4) .371011 1.31( 5)* .6600 s.45( 5)* 1.400011 3.08( 6) 
.1710 2.52( 4)* .4480 2.09 ( 5) .670011 5.4l( 5)* 1.4900/1 3.58( 6) 
.2000 3.41( 4) .450011 2.06 ( 5) .7600 7.09 ( 5) 1.5900/1 3.93( 6) 
.1950 3.29( 4)* .4370 1.99( 5)* .755011 7.34( 5) 1.6900/1 4.24( 6) 
.2400 5.07( 4) .442011 1.95( 5)* .7460 6.S1( 5)* 1.790011 4.4l( 6) 
.2350 4.81( 4)* .5200 2.95( 5) .743011 6.97( 5)* 1.90000 4.46( 6) 
.2780 6.98( 4) .520011 2.94( 5) .836011 9.42( 5) 2.000011 4.44( 6) 
.2740 6.64( 4) * .5100 2.83( 5)* .8200 8.52( 5)* 
.3290 1.01( 5) .510011 2.78( 5)* .807011 8.99 ( 5) * 
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Sample A-7: 
T K T K T K T K 
.0967 1.62( 3)* .2390 1.72( 4) .4980# 1.32( 5) 1.610011 3.04( 6) 
.1085 2.18( 3) .2340 1.60( 4)* .4900 1.24( 5)* 1.720011 3.44( 6) 
.1070 2.04( 3) * .2770 2.59 ( 4) .490011 1.24( 5)* 1.820011 3.66( 6) 
.1240 3.04( 3) .2730 2.44( 4)* .692011 3.34( 5) 1.920011 3.94( 6) 
.1220 2.83( 3)* .3320 4.27( 4) .680011 3.15( 5)* 2.000011 4.0H 6) 
.1480 4.77( 3) .3240 3.99( 4)* 1.015011 9.26 ( 5) 2.110011 4.30( 6) 
.1450 4.46( 3)* .4000 7.02( 4) 1.120011 1.21( 6) 2. 2200fl 4.56( 6) 
.1750 7.23( 3) .398011 7.01( 4) 1.220011 1.53( 6) 2.320011 5.00( 6) 
.1710 6.84( 3)* .3950 6.43( 4)* 1.3200# 1.87( 6) 2.430011 5.S7( 6) 
.2000 1.05 ( 4) .389011 6.48( 4)* 1. 4100fl 2.29 ( 6) 2.550011 6.38( 6) 
.1960 9.80( 3)* .4980 1.33( 5) 1.520011 2.69 ( 6) 
Sample A-8: 
T K T K T K T K 
.1090 2.11( 3) .3330 4.04( 4) .694011 2.94( 5) 2.060011 2.87( 6) 
.1070 1.99( 3) * .3260 3.75( 4)* .6800# 2.77( 5)* 2.2700# 3.36( 6) 
.1490 4.65( 3) .5000 1.2l( 5) 1.0200# 7.77( 5) 2.480011 4.22( 6) 
.1450 4.37( 3)* .500011 1.21( 5) 1.340011 1.45( 6) 2.600011 4.91( 6) 
.2000 1.02( 4) .4900 1.13( 5) * 1.6500# 2.17( 6) 
.1960 9.44( 3)* .490011 1.13( 5)* 1.860011 2.SH 6) 
Sample A-9: 
T K T K T K 
.• 692011 3.34( 5) 1.320011 1.87( 6) 2.000011 4.07( 6) 
.680011 3.15( 5)* 1.61001 3.04( 6) 2.220011 4.56( 6) 
1.015011 9.26( 5) 1.820011 3.66 ( 6) 2.430011 S.SH 6) 
Sample B-1: 
T K T K T K T K 
.0510 8.94( 2) .1520 1.29( 4) .4950 1.0S( 5) .9000 4.43( 5) 
.0595 1.29 ( 3) .1760 1.79( 4) .5450 l.23( 5) .9100 4.78( 5) 
.0705 2.04( 3) .2030 2.33( 4) .6000 1.49( 5) .9900 5.96( 5) 
.0800 2.86( 3) .2470 3.41( 4) .6300 1.69 ( 5) 1.1300 8.98( 5) 
.1000 5.01( 3) .3000 4.72( 4) .7100 2.32( 5) 1. 2700 1.25( 6) 
.1270 8.78( 3) .3950 7.38( 4) .8000 3.41( 5) 
Sample B-2: 
T K T K T K T K 
.0327 2.86 ( 2) .0655 1.70 ( 3) .1580 1.34( 4) 
.3730fl 5.46 ( 4) 
.0377 4.06 ( 2) .0765 2.61( 3) .1840 1.80( 4) 
.440011 6.83( 4) 
.0430 5.55 ( 2) .0800 Z.87( 3) .2110 2.26( 4) 
.5400/1 1.05( 5) 
.0485 7.68( 2) .0930 4.20( 3) .2670 3.39 ( 4) 
.650011 1.54( 5) 
.0537 1.01( 3) .1050 5.71( 3) .3200 4.52( 4) 
.750011 2.28 ( 5) 
.0640 1.61C 3). .1310 8.9H 3) .3720 5.8l( 4) 
.8800/1 3.57( 5) 
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Sample B-3: 
T K T K T K T K 
.0443 7.19( 2) .1250 9.41( 3) .4120 8.17( 4) .8000 3.51( 5) 
.0488 9.46( 2) .1500 1.40( 4) .4630 9.86 ( 4) .800011 3.46( 5) 
.0590 1.52( 3) .1730 1.SS( 4) .5070 1.16( 5) .9000 5.19( 5) 
.0695 2.30 ( 3) .2000 2.45( 4) .6000 1.68( 5) .900011 5.06( 5) 
.0800 3.27( 3) .2500 3.6S( 4) .600011 1.66( 5) .9900 7.09 ( 5) 
.0895 4.35( 3) .3030 5.l0( 4) .7000 2.48( 5) 1.0000/1 6.96( S) 
.1020 5.8l( 3) .3500 6.45( 4) .7000# 2.43( 5) 
Sample B-4: 
T K T K T K T K 
.0445 3.94( 2)* .1600 1.05 ( 4) .5380# 1.07( S)* 1.8000# 2.93( 6) 
.0494 4.93( 2) .1570 9.90( 3)* .6700 1.96( 5) 1.9000/1 2.86 ( 6) 
.0483 4.50 ( 2) if .2000 1.65( 4) .682011 1.94( 5) 2.0000/1 2.90( 6) 
.0550 6.73( 2) .1940 1.57( 4)* .6600 1.81( 5)* 2.1000# 2.71( 6) 
.OS40 6.27( 2)* .2500 2.61( 4) .6680# 1.81( 5)* 2.2000/1 2.S1( 6) 
.0597 8.36( 2) .2450 2.47( 4)* .8350 3.57( 5) 2.300011 2.30 ( 6) 
.0585 7.79( 2) * .3100 3.S8( 4) .840011 3.56( 5) 2.4000# 2.17( 6) 
.0677 1.18( 3) .3030 3.72( 4)* .8130 3.39( 5)* 2.500011 2.03( 6) 
.0665 1.09( 3)* .3700 5.35( 4) .8200/1 3.34( 5)* 2.6000/1 1.85( 6) 
.0757 1.64( 3) .370011 5.37( 4) .920011 4.75( 5) 2.700011 1.83( 6) 
.0743 1.54( 3)* .3630 5.08( 4) * .9000# 4.39 ( 5) * 2.8000# 1.77( 6) 
.0840 2.l6( 3) .363011 5.09 ( 4) * 1.000011 6.27( 5) 2.9000/1 1.81( 6) 
.0820 2.01( 3) * .4500 7.42( 4) 1.09001/ 8.48( 5) 3.0000/1 1.77( 6) 
.0920 2.76( 3) .450011 7.47( 4) 1.2000/1 1.12( 6) 3.200011 2.05( 6) 
.0895 2.54( 3) * .4360 7.l7( 4)* 1.3000/1 1.42( 6) 3.4000 II 2.33( 6) 
.1000 3.44( 3) .44000 7.19 ( 4) * 1.4300# 1.87( 6) 3.5700/1 2.60 ( 6) 
.0975 3.20( 3)* .5400 1.13( 5) 1.5200# 2.15( 6) 3.8000# 3.16( 6) 
.1250 5.92( 3) .550011 1.12( 5) 1.600011 2.49( 6) 
.1220 5.62( 3)* .5300 1.07( 5)* 1.7000tl 2.70 ( 6) 
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Sample B-5: 
T K T K T K T K 
.1000 8.72( 3) .195011 3.26( 4)* .4330 1.21( 5)* .8430# 4.73( 5) 
.100011 8.78( 3) .2400 4.53( 4) .4400 II 1.15( 5)* .8250 4.41( 5)* 
.0974 8.7a( 3)* .240011 4.59 ( 4) .5150 1.53( 5) .825011 4.42( 5)* 
.097411 8.90( 3)* .2350 4.36( 4)* .517011 1.55 ( 5) .913011 5.96( 5) 
.1250 1.40( 4) .235011 4.42( 4)* .5000 1.49( 5)* .894011 5.63( 5)* 
.125011 1.38( 4) .2780 5.81( 4) .510011 1.48( 5)* .985011 7.58( 5) 
.1220 1.41( 4)* .279011 5.81( 4) .5910 2.05 ( 5) 1.0800# 1.01( 6) 
.1220# 1.36( 4) * .2740 5.59 ( 4) * .599011 2.04( 5) 1.1800# 1.32( 6) 
.1490 1.93( 4) .273011 5.62( 4)* .5850 1.95( 5)* 1.2700/1 1.67( 6) 
.149011 1.96 ( 4) .3300 7.54( 4) .5900# 1.97( 5)* 1.4100# 2.17( 6) 
.1460 1.90 ( 4) * .3300# 7.53( 4) .6780 2.69( 5) 1.47001/ 2.50 ( 6) 
.146011 1.91( 4) * .3250 7.34( 4)* .6800# 2.68( 5) 1.560011 2.83( 6) 
.1760 2.65( 4) .324011 7.30( 4)* .6630 2.54( 5)* 1.670011 3.08( 6) 
• 1750tl 2.67( 4) .3730 9.09 ( 4) .6670# 2.58( 5)* 1.7500fl 3.27( 6) 
.1720 2.58( 4)* .377011 9.13( 4) .7580 3.53( 5) 1.8500# 3.19( 6) 
.172011 2.56( 4)* .3660 8.70 ( 4) * .7530# 3.53( 5) 1.9400/1 3.09 ( 6) 
.2000 3.32( 4) .369011 8.87( 4)* .7400 3.36( 5)* 2.050011 2.87( 6) 
.200011 3.34( 4) .4430 1.21( 5) .7400# 3.33( 5)* 
.1950 3.20( 4)* .448011 1.19 ( 5) .8430 4.71( 5) 
Sample B-6: 
T K T K T K T K 
.0283 9.84( 1) .2400 3.96( 4)* .8000# 7.07( 5) 2.1300# 3.50( 6) 
.0276 9.07( 1)* .2950 6.56 ( 4) .7870# 6.61( 5)* 2.2200# 3.09( 6) 
.0338 1.70( 2) .2900 6.1l( 4)* .906011 10.00( 5) 2.320011 2.70( 6) 
.0330 1.59( 2)* .3450/} 9.08( 4) .8850# 9.40( 5)* 2.420011 2.38 ( 6) 
.0386 2.51( 2) .3380/1 8.57( 4)* 1.0050/1 1.40 ( 6) 2.5200/1 2.14( 6) 
.0378 2.30( 2) * .395011 1.24( 5) 1.070011 1.77( 6) 2.640011 1.96( 6) 
.0682 1.26( 3) .388011 1.17( 5) * 1.175011 2.31( 6) 2.720011 1.89( 6) 
.0678 1.14( 3)* .4900 1.94( 5) 1.2800# 2.92( 6) 2.840011 l.83( 6) 
.0978 3.51( 3) .4870# 1.94( 5) 1.380011 3.48( 6) 2.940011 1. 84( 6) 
.0955 3.28( 3)* .4800 1.84( 5)* 1.480011 4.14( 6) 3.000011 1. 86( 6) 
.1660 1.53( 4) .479011 1.83( 5)* 1.580011 4.61( 6) 3.1200/1 1. 96( 6) 
.1620 1.43( 4)* .588011 3.00 ( 5) 1.6900# 4.90( 6) 3.280011 2.04( 6) 
.1960 2.34( 4) .572011 2.83( 5)* 1.810011 4.74( 6) 3.400011 2.22( 6) 
.1920 2.18( 4)* .6900/1 4.55( 5)* 1.9000# 4.53( 6) 3.540011 2.58( 6) 
.2460 4.24( 4) .6800/1 4.43( 5)* 2.0000/} 4.08( 6) 3.770011 2.98( 6) 
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SamE1e C-1: 
T K T K T K T K 
.0443 4.02( 2)* .1590 9.65( 3) .540011 1.68( 5)* 1.8000# 3.93( 6) 
.0495 5.26( 2) .1540 9.21( 3)* .6800 3.3l( 5) 1.9100# 3.72( 6) 
.0485 5.01( 2)* .2000 1.S7( 4) .680011 3.29 ( 5) 2.000011 3.42( 6) 
.0550 6.99( 2) .1950 1.47( 4)* .6670 3.l9( 5)* 2.100011 3.02( 6) 
.0537 6.59( 2)* .2500 2.59( 4) .670011 3.16( 5)* 2.210011 2.59 ( 6) 
.0597 9.l0( 2) .2440 . 2.46 ( 4)* .8400 6.47( 5) 2.300011 2.28 ( 6) 
.0584 8.3l( 2)* .3090 4.22( 4) .840011 6.43( 5) 2.4100/1 1.99( 6) 
.0677 1.26( 3) .3000 3.99( 4)* .8300 6.12 ( 5) * 2.500011 1.77( 6) 
.0660 1.17( 3)* .3700 6.37( 4) .830011 6.10( 5)* 2.580011 1.66 ( 6) 
.0760 1.72( 3) .370011 6.32( 4) .920011 8.44( 5) 2.7100/1 1.5l( 6) 
.0745 1.63( 3) * .3600 6.03( 4)* .905011 7.95( 5)* ·2.8000# 1.44( 6) 
.0837 2.25( 3) .36301/ 5.94( 4)* .995011 1.12( 6) 2.900011 1.40( 6) 
.0820 2.08( 3) * .4500 1.02( 5) 1.100011 L51( 6) 3.0000/1 1.37( 6) 
.0920 2.82( 3) .4500# 1eOl( 5) 1.200011 L95( 6) 3.2000fl 1. 40 ( 6) 
.0895 2.61( 3)* .4430 9.61( 4)* 1.300011 2.40( 6) 3.400011 1.5S( 6) 
.1000 3.49( 3) .443011 9.56( 4)* 1.400011 2.96( 6) 3.620011 1.70C 6) 
.0977 3.25( 3)* .5500 1.76( 5) 1.500011 3.42( 6) 3.860011 2.02( 6) 
.1250 S.72( 3) .550011 1.74( 5) 1.6000/1- 3.75( 6) 
.1225 5.44( 3) * .5400 1.67( 5)* 1.690011 3.98( 6) 
Sample D-1: 
T K T K T K T K 
.0368 4.96 ( 2) .2250 5.65( 4) .550011 2.67( 5) 2.000011 1.45 ( 6) 
.0397 G.OO( 2) .2500 7.04( 4) .5960 2.98( 5) 2.1000!1 1. 4] ( (, ) 
.0447 8.05 ( 2) .2750 9.02( 4) .597011 3.00 ( 5) 2.220011 1. 32 ( 6) 
.0498 1.07 ( 3) .278011 B.9s( 4) • 6ROO /I 1.57( 5) 2.30001/ 1. 22 ( 6) 
.0548 1.38( 3) .3100 1.09( 5) .7600/1 4.17( 5) 2.400011 1.13 ( 6) 
.0600 1.72 ( 3) • 3100ll 1.10C 5) .840011 4.83( 5) 2.5000fl l.03( 6) 
.0677 2.41( 3) .3380 1.28(5) .920011 5.60 ( 5) 2.600011 9.64( 5) 
.0750 3.16 ( 3) .340011 1.28( 5) .9800# 5.99( 5) 2. 7000 If 3.81( 5) 
.0840 4.19 ( 3) .3700 1.45( 5) 1.1000// 7.28( 5) 2.80001/ S.22( 5) 
.0920 5.45( 3) .3700# 1.49 ( 5) 1.2000/1 8.59( 5) 2.900011 7.73( 5) 
.1000 6.84( 3) .3980 1. 69 ( 5) 1.3000/1 9.90 ( 5) 3.0000/1 7.34( 5) 
.1100 8.R8( 3) .4000{1 1.69 ( 5) 1.400011 Lll( 6) 3.20001.1 6.76( 5) 
.1250 1. 23( 4) .4480 1.99 ( 5) 1.500011 1.27( 6) 3.47001/ 6.33( 5) 
.1390 1.6S( 4) .4470/1 2.0l( 5) 1.600011 1.34( 6) 3.6300 II 6.34( 5) 
.1600 2.40( 4) .5000 2.34 ( 5) 1.71001/ 1.42( 6) 3.9000 II 6.70( 5) 
.1740 3.0S( 4) .500011 2.34( 5) 1.8000ff 1.47( 6) 
.1980 4.16( 4) .5500 2.65( 5) 1.90001./ 1.47( 6) 
SaMple D-2: 
T K T K T K 
.300011 9.97( 4) 
.8000lf 4.58( 5)* 2.200011 1. 33( 6) 
.293011 9.50( 4)* 1.500011 1.25( 6) 2.5000# 1.04( 6) 
.8200 II 4.78(5) 1.80001/ 1.47 (6) 3.0000#( 7.30( 5) 
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Sample 0-3: 
T K T K T K T K 
.0434 2.53( 2) .2530 2.75( 4)* .6630 1.67( 5)* 1.9000" 1.15( 6) 
.0431 2.42( 2)* .3000 3.98( 4) .6650" 1.67( 5)* 2.000011 1.16( 6) 
.0500 3.61( 2) .2930 3.78( 4)* .7750 2.28( 5) 2.1000# 1.15( 6) 
.0490 3.35( 2)* .3400 5.10( 4) .7450 2.10( 5)* 2.18001/ 1.13( 6) 
.0595 5.97( 2) .3340 4.95( 4)* .8530 2.70( 5) 2.300011 1.06( 6) 
.0585 5.53( 2) * .3680 6.09 ( 4) .8600# 2.67( 5) 2.400011 1.00( 6) 
.0795 1.29( 3) .3590 5.76( 4)* .8400 2.53( 5)* 2.5000/1 9.42( 5) 
.0775 1.20( 3)* .4400 8.27( 4) .837011 2.54( 5)* 2.6000/1 8.70( 5) 
.0993 2.42( 3) .4400# 8.28( 4) .9500 3.40( 5) 2.700011 S.14( 5) 
.0967 2.23( 3)* .4320 7.99( 4)* .9200 3.16( 5)* 2.8000 II 7.52( 5) 
.1290 4.96( 3) .4320# 7.98( 4)* .997011 3.65( 5) 2.900011 7.05e 5) 
.1270 4.56( 3)* .5000 1.03( 5) 1.100011 4.48( 5) 3.000011 6.71( 5) 
.1670 9.74( 3) .4900 9.84( 4)* 1.1900// 5.32( 5) 3.300011 6.09( 5) 
.1630 9.14( 3)* .5530 1.24( 5) 1.300011 6.3l( 5) 3.5000# 6.04( 5) 
.1990 1.55 ( 4) .5380 1.16( 5)* 1.400011 7.33( 5) 3.8000/1 6.39( 5) 
.1940 1.44( 4)* .6170 1.48( 5) 1.500011 8.47{ 5) 4.100011 6.93( 5) 
.2280 2.20( 4) .6000 1.42( 5)* 1.600011 9.48 ( 5) 
.2230 2.05( 4)* .6770 1.73( 5) 1.7000H 1.03( 6) 
.2580 2.91( 4) .673011 1.75( 5) 1.79001/ 1.10( 6) 
Sample 0-4: 
T K T K T K T K 
.0965 1.99( 3)* .2780 3.25( 4) .6800 II 1.64( 5)* 2.450011 9.45( 5) 
.1090 2.82( 3) .2720 3.10( 4)* .9760/1 3.30( 5) 2.5300# S. 99 ( 5) 
.1070 2.64( 3)* .3310 4.77( 4) .960011 3.ll( 5)* 2.6200# 8.45( 5) 
.1240 4.08( 3) .3240 4.53( 4)* 1.4700# 7.37( 5) 2.740011 7.69( 5) 
.1220 3.77( 3)* .3950 6.67( 4) 1.550011 8.28( 5) 2.8500# 7.22( 5) 
.1490 6.78( 3) .398011 6.65( 4) 1.6500// 9.12( 5) 2.960011 6.76( 5) 
.1460 6.30 ( 3) * .3830 6.39 ( 4) * 1.750011 9.91( 5) 3.1700// 6.22( 5) 
.1740 1.03( 4) .389011 6.31( 4)* 1.83001/ 1.04( 6) 3.36001/ 5.98( 5) 
.1700 9.59( 3)* .4970 9.74( 4) 1.950011 1.07 ( 6) 3.5600# 5.84( 5) 
.1970 1.44( 4) .4980/1 9.80 ( 4) 2.030011 1.ll( 6) 3.7800" 6.06 ( 5) 
.1930 1.37( 4)* .4850 9.43( 4)* 2.1200/1 1.10( 6) 4.1000/1 6.55( 5) 
.2370 2.24( 4) .489011 9.37( 4)* 2.240011 1.04( 6) 
.2330 2.12( 4)* .693011 1.70( 5) 2.320011 100l( 6) 
Sample 0-5: 
T K T K T K T K 
.1090 2.59 ( 3) 03270 3.65( 4)* .993011 2.50( 5) 2.650011 6.79 ( 5) 
.1070 2.41( 3)* .5030 7.72( 4) 1.48001/ 5.29 ( 5) 301800# 5.64( 5) 
.1500 6.02( 3) .502011 7.77( 4) 1.86001/ 7.43( 5) 3.400011 5.43 ( 5) 
.1465 5.57( 3)* .4900 7.38( 4)* 1.9600// 7.73( 5) 3.550011 5.58( 5) 
.1990 1.23( 4) .4900# 7.38( 4)* 2.0500/1 8.06 ( 5) 3.7800# 5. SO ( 5) 
.1940 1.16( 4) * .700011 1.32( 5) 2.17001/ 7.96( 5) 4.1000/1 6.34( 5) 
.3350 3.8S( 4) 0683011 1.26( 5)* 2.25001/ 7.86 ( 5) 
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Sample 0-6: 
T K T K T K T K 
.6930# 1.70 ( 5) 1.83001/ l.04( 6) 2.2400# 1.04( 6) 3.560011 5.84( 5) 
.6800/1 l.64( 5)* 1.950011 1.07( 6) 2.620011 8.45( 5) 3.780011 6.06( 5) 
.976011 3.30 ( 5) 2.030011 l.ll( 6) 3.17001/ 6.22( 5) 4.1000# 6.55( 5) 
1.47001/ 7.37( 5) 2.1200# l.10( 6) 3.360011 5.98( 5) 
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